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THE REACTION OF THE CAPILLARY BED OF THE NAILFOLD TO THE CONTINU- 
OUS INTRAVENOUS INFUSION OF LEVO-NOR-EPINEPHRINE 
IN PATIENTS WITH NORMAL BLOOD PRESSURE AND 
WITH ESSENTIAL HYPERTENSION 


By SHELDON E. GREISMAN 


(From the Department of Medicine, New York University College of Medicine and the Third 
(New York University) Medical Division, Bellevue Hospital, New York, N.Y.) 


(Submitted for publication June 12, 1953; accepted March 3, 1954) 


The intravenous infusion of l-nor-epinephrine in 
persons with normal cardiovascular systems pro- 
duces a hemodynamic state which in many respects 
resembles that found in patients with essential hy- 
pertension. In the systemic circulation there is 
in each of the two conditions an elevation of the 
systolic, diastolic and mean arterial pressures, an 
unchanged or moderately decreased cardiac output, 
an increase in systemic peripheral resistance and 
usually an absence of subjective symptoms (1). 
This similarity in the two hemodynamic states has 
led to the suggestion that l-nor-epinephrine may be 
a humoral agent responsible for essential hyper- 
tension. If this were true, then the hypertensive 
state produced by |-nor-epinephrine should pro- 
duce changes in all portions of the circulatory sys- 
tem similar to those found in essential hyperten- 
sion. The dynamics of the pulmonary circulation 
have been shown to be different in the two states ; 
the intravenous infusion of l-nor-epinephrine raises 
mean pulmonary arterial pressure whereas this 
pressure is normal in patients with uncomplicated 
essential hypertension (1). 

The present study was undertaken to determine 
whether the circulation in specific portions of the 
systemic vascular system, in this instance the 
peripheral cutaneous capillaries, is the same in sub- 
jects with I-nor-epinephrine induced hypertension 
as in patients with essential hypertension. Ac- 
cordingly, the capillary circulation of the nailfold 
during the sustained hypertensive state induced in 
control subjects by continuous intravenous infu- 
sion of I-nor-epinephrine was compared with the 
nailfold capillary circulation of patients with es- 
sential hypertension. The observations indicate 
that for similar levels of elevated arterial pressure 
the capillary circulation of the nailfold is more 
reactive in the I-nor-epinephrine induced hyper- 
tension than in essential hypertension. A previous 


study indicated that the nailfold capillary circula- 
tion of subjects with essential hypertension was 
more reactive to single rapid injections of epineph- 
rine than the similar capillary circulation of con- 
trol subjects (2). The present study extends this 
observation to indicate that such hyper-reactivity 


persists over the several hours of a continuous in- 


fusion of ]-nor-epinephrine. 


METHOD 


Two groups of hospitalized patients were selected; 
one with normal cardiovascular systems, the other with 
essential hypertension. The hypertensive patients had 
known essential hypertension for many years or had 
been followed on the wards for several weeks and had 
generally maintained diastolic blood pressure levels of 
90 mm. Hg or higher. Patients receiving medication 
which could produce cardiovascular changes were ex- 
An attempt was made to select patients of rela- 
During the ob- 
with a light 
Patients 
studied 


cluded 
tively similar ages in the two groups. 
servations the subjects were recumbent 
blanket over the trunk and lower extremities. 
with cool, pale, or cyanotic fingers were not 
One arm was abducted in the horizontal plane approxi- 
mately thirty degrees from the side, with the terminal 
phalanx of the fourth finger at about the level of the 
sternum. The finger was steadied by a clamp applied 
along the lateral margins of the phalanx. Cedar oil was 
applied to the base of the nail bed and the terminal capil- 
lary loops were then readily visualized microscopically 
at 96 * A blood pres- 


sure cuff was placed about the opposite arm and an in- 


when illuminated by a slit lamp. 


fusion of isotonic salt solution was begun in an antecubi- 
tal vein in such a manner that there was no interference 
Fol- 
lowing these procedures twenty minutes were allowed to 
If at 
the end of this period the fingers had become cool, pale, 


with auscultatory blood pressure determinations. 
elapse, or until the blood pressure had stabilized 


cr cyanotic, or if the blood flow through the capillary 
loops had slowed, as visualized microscopically, another 
twenty minutes were allowed to elapse. If the fingers did 
not become warm and the capillary blood flow did not 


become rapid, no observations were made. After the 
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TABLE I 


f blood pressure, pulse rate, and vasomotion of the capillary bed of the fingernail during 
i-nor-e pine phrine infusion in patients with normal blood pressure 
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0/7 xX 
150/80 : Initial ischemia 
160,80 48 Ischemia 


Pharyngitis 126/60 

(convalescent) : 120/60 
126/60 
124/64 ¢ 
126/70 C 
130/70 7 Initial ischemia 
136/74 Ischemia 
140/70 7 Ischemia 


Barbiturate 100/70 7 x 

addiction i 108 /74 x 
120/80 7 2X 
140/88 Initial ischemia 


Chronic 110/60 1x 

alcoholism .0- 110/60 2x 
130/76 3X 
140/88 Initial ischemia 


Same patient 110/70 x 
3 days later ; 140/88 7 Initial ischemia 


Normal 120/70 0 

female 05 120/70 ix 
126/80 2x 
130/90 Initial ischemia 


Esophageal 154/70 80 x 
carcinoma 150/70 80 x 
150/72 80 x 
180,/84 76 rh 4 
AZ 200/88 74 3x 

.28 220/100 70 Initial ischemia 


* Average number of constrictions of the arterial segments of the capillary loops per minute. 0 = 0-2, X = 3-8, 
= 9-14, 2x = 15-25, 3 = 25-30. 





NAILFOLD CAPILLARY CIRCULATION DURING NOR-EPINEPHRINE 


TABLE I—Continued 


Intensity of Duration 
blood vasomotion of of 

pressure the capillary bed infusion 

of nailfold* minutes 


Rate of Arterial 

norepinephrine 
infusion 

(gamma Kg. minute mm. He 


Patient 
no. Age Sex Diagnosis 


9 b) Same patient 

5 days later 03 
.06 
.10 
.20 

Recovered 

barbiturate .02 

intoxication 07 
10 
ors 
7 


Resolved 
broncho 
pneumonia 


Chronic 
alcoholism 


Chronic gout 


Recovered 
barbiturate 
intoxication 


Pulmonary 
fibrosis and 
emphysema 


control period a solution of l-nor-epinephrine,! 4 gamma 
per cubic centimeter in isotonic saline solution, was then 
substituted for the original saline solution, without dis- 
turbing the patient, by changing the infusion bottle. The 
rate of infusion of the l-nor-epinephrine was increased 
progressively and with each increment the arterial blood 
pressure, the pulse rate, and the reaction of the terminal 
capillary loops at the base of the fingernail were recorded. 
The rates and duration of infusion of 1-nor-epinephrine 
are indicated in Tables I and II. 


RESULTS 
Reactivity of capillary bed 


The terminal capillary loops of the nailfold of 
the finger were usually patent with a rapid blood 
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Initial ischemia 
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flow in both normotensive and hypertensive sub- 
jects. Intermittent momentary interruptions of 
blood flow occurred in the arterial segments of 
the capillary loops. The cause of these interrup- 
tions in blood flow could not be determined directly 
since the vascular bed proximal to the terminal 
capillary loops could not be visualized clearly. 
However, when the capillary beds of human bulbar 
conjunctivae and of the mesenteries of mice were 
observed, similar, though less frequent interrup- 
tions in capillary blood flow were seen. These gaps 
in blood flow were observed to be produced by in- 
termittent constriction of the metarterioles and pre- 
capillary segments of these vascular beds and epi- 
nephrine was seen to increase the frequency of 


constriction of these metarterioles and precapil- 





Alteration of blood pressure, pulse 
l-nor-epinephrine 


Diagnosis 
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vascular 
disease 


(known 10 years) 13 184/104 
.16 190/110 


1) Hypertensive 
vascular 
disease 
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duration) 
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vascular 
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1) Hypertensive 
vascular 
disease 
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TABLE II 


rate, and vasomotion of the capillary bed of the fingernail during 
infusion in patients with essential hypertension 


Rate of Arterial Pulse Intensity of 
norepinephrine blood rate vasomotion of 
infusion pressure per the capillary bed 
(gamma/ Kg./minute mm. He) minute of nailfold* 
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* Average number of constrictions of the arterial segments of the capillary loops per minute. 0 = 0-2, 


1X = 9-14,2x = 15-25, 3x = 25-30. 
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laries. Epinephrine was also observed to increase 


the frequency of interruptions of blood flow 


through the terminal capillary loops of the nail- 
fold. 
flow through the capillary loops of the nailfold 


For these reasons the interruptions of blood 


were interpreted as the result of irregular, periodic 
The 


relative contribution of the arterioles, metarteri- 


vasoconstriction of the minute vascular bed. 


oles, and arterial segments of the capillary loops in 
the production of these gaps in blood flow could 
not be determined. (The proximal portions of the 
arterial segments of the capillary loops probably 
were capable of active vasoconstriction since the 
interruptions in blood flow occurred independently 


in adjacent capillary loops.) The process of in- 
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240/140 Initial ischemia 
250/140 Ischemia 
250/144 Ischemia 


termittent vasoconstriction of the minute vascular 
bed has been termed ‘‘vasomotion” (3-5). 

In patients with normal blood pressure, there 
were usually 3 to 14 interruptions of blood flow 
through the arterial segment of the capillary loops 
per minute (denoted in Table I under Intensity of 
Vasomotion by xX and 1 x). 
blood flow rarely exceeded two seconds in dura- 
tion. In patients with essential hypertension there 
was usually a definite increase in the frequency of 


Each cessation of 


interruptions of blood flow through the capillary 
loops, often averaging 15 to 30 cessations of flow 
per minute (denoted in Table II under Intensity 
of Vasomotion by 2 x and 3 x). The duration of 
each interruption in flow was as transient as that 
in persons with normal blood pressure. 
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L-nor-epinephrine infusion, normotensive subjects 
(Table 1) 


When I|-nor-epinephrine was infused intrave- 
nously in patients with normal blood pressure, 
both the systolic and diastolic pressures increased 
as the rate of infusion increased. Concomitantly, 
vasomotion increased progressively as indicated by 
the increasing frequency of cessations of capillary 
blood flow. The duration of each interruption of 
blood flow increased but slightly, so that the re- 
sulting ischemia of the arterial segment was not 
maintained for intervals longer than two seconds. 
A stage was finally attained during which the cap- 
illary bed appeared similar to that observed in pa- 
tients with essential hypertension. This stage was 
reached when the diastolic pressure had been ele- 
vated an average of 11 mm. Hg (range from 4 to 
26 mm. Hg) to levels of 70 to 90 mm. Hg (Table 
I). 

When the rate of I-nor-epinephrine infusion was 
increased further, not only did the frequency of 
interruptions of blood flow through the arterial 
segments of the capillary loops increase, but the 
duration of the cessations of flow became progres- 
sively longer until an “ischemic state” developed 
which no longer resembled the capillary blood flow 
The 


entire capillary loop (not the arterial segment 


seen in patients with essential hypertension. 


alone) now disappeared from view for periods of 
two seconds to several hours. At times complete 
cessation of blood flow through the capillary loop 


occurred so that stagnated clumps of red blood 


NAILFOLD OF A Pa- 
B.P. 


BED OF 
Bi oop 


Fic. 1. CAPILLARY 
TIENT WITH NORMAL 
126/60 P.R. = 76 


THE 


PRESSURE (68 X ) 


SHELDON E., 


GREISMAN 


é 
an 


CaPIL- 
INFUSION (68 X) 


P.R. =74 (40 


InitT1AL ISCHEMIC REACTION OF 
LARY BED DURING L-NoR-EPINEPHRINE 
0.20 GAMMA/KG./MINnvuTE B.P. = 130/70 


INFUSION ) 


Fic. 2. THE 


MINUTES AFTER START OF 


cells marked the outline of the original blood ves- 
sel. The ischemic state persisted virtually un- 
changed as long as the infusion continued. 

The ischemic reaction did not occur simultane- 
ously in all the capillary loops. Of an average of 
ten loops usually visualized in any one microscopic 
field, ischemia occurred initially and persisted in 
two or three capillary loops, generally those adja- 
As 
the rate of infusion was increased, increasing num- 
The 


point at which ischemia occurred in two or three 


cent to each other and of the narrowest caliber. 
bers of capillary vessels reacted similarly. 


of the capillary loops in one microscopic field was 
selected as the point of “initial ischemic reaction.” 
In persons with normal cardiovascular systems, 
initial ischemia of the capillary bed of the nailfold 
developed when the rate of I-nor-epinephrine infu- 
sion raised the diastolic pressure an average of 17 
mm. Hg (range from 10 to 30 mm. Hg) to levels 


of 80 to 100 mm. Hg. The ischemic reaction per- 


sisted virtually unchanged for the duration of the 
infusion, twenty minutes to three hours. Capillary 
ischemia was not usually seen in patients with es- 
sential hypertension, even at diastolic pressure 
levels of 140 mm. Hg. 

In fifteen patients with normal blood pressures 
the mean rate of infusion of I-nor-epinephrine re- 
quired to produce an initial ischemic reaction was 
0.23 gamma per Kg. per minute (standard devia- 
tion of 0.07). 
(O08 X ) of the capillary bed of the nailfold of a 


Figure 2 


Figure 1 is a photomicrograph 


patient with normal blood pressure. 
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indicates the initial ischemic reaction of the capil- 
lary bed during the infusion of i-nor-epinephrine. 


L-nor-epinephrine infusion, hypertensive patients 
(Table IT) 


When I|-nor-epinephrine was infused in patients 
with essential hypertension, both the systolic and 
diastolic pressures increased as the rate of infu- 
sion was increased. The rise in systolic pressure 
with low rates of infusion was significantly greater 
than the rise which occurred in patients with nor- 
mal blood pressures (Table III). As the rate of 
infusion was increased, however, the rise of systolic 
pressure became progressively less marked, as 
compared to the continuing rise of systolic pres- 
sure in patients with normal blood pressures. 
There was no significant difference in the rate of 
elevation of the diastolic or mean arterial pres- 
sures in patients with essential hypertension and 
with normal blood pressures (Table III). 
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As |-nor-epinephrine was infused in patients 
with hypertensive vascular disease, vasomotion of 
the minute vessel bed, initially greater than nor- 
mai, increased so rapidly that an ischemic reac- 
tion occurred with low rates of infusion (Table 
II). Again the “disappearance” of capillary loops 
and the stagnation of clumps of red blood cells in 
adjacent vessels did not occur simultaneously. 
Usually two or three loops in any one microscopic 
field were involved initially. As the rate of in- 
fusion was increased, progressively more capillary 
loops became ischemic. In patients with essential 
hypertension, the initial ischemic reaction of the 
capillary bed occurred when the rate of the I-nor- 
epinephrine infusion had raised the diastolic pres- 
sure an average of 4 mm. Hg (range from 0 to 18 
mm. Hg) from the initial level. In fifteen patients 
with essential hypertension, the mean rate of in- 
fusion of l-nor-epinephrine required to produce 
an initial ischemic reaction of the capillary bed 


TABLE Ill 


Resting levels and increases of systemic arterial pressures during l-nor-epinephrine infusion in patients with 
normal blood pressure and with essential hypertension 








Normal blood pressure 


Essential hypertension 








Standard 
deviation 


Mean 


Standard 


Range Mean deviation Range 





I. Resting levels 





Systolic pressure, mm. Hg 15 122 13 
Diastolic pressure, mm. Hg 15 70 10 
Mean pressure, mm. Hg 15 90 10 


146-240 
86-140 
110-180 


100-142 15 
54-90 15 
76-106 15 





II. Increase of pressures with increasing doses of l-nor-epinephrine 





0.05-0.07, gamma/Kg./minute 
Systolic pressure, mm. Hg 
Diastolic pressure, mm. Hg 
Mean pressure, mm. Hz 15 


8. 
: K 2 
15 . 4. 
(t for systolic blood pressure changes in patients with normal blood pressures as compared 
with those of essential hypertension = 3.2) 





0.10-0.13, gamma/Kg./minute 


Systolic pressure, mm. Hg 15 16.0 


Mean pressure, mm. Hg 15 


: 12.0 
Diastolic pressure, mm. Hg 15 8.8 5.0 
12.0 5.8 


0-40 
4-20 15 


24.0 1S: 

mB. 4. 

4-22 15 . 8. 
d 


(t for systolic blood pressure changes in patients with normal blood pressures as compare 
with those of essential hypertension = 1.5 





0.16-0.20, gamma/Kg./minute 
Systolic pressure, mm. Hg 15 
Diastolic pressure, mm. Hg 15 14.7 5.5 6-25 13 11.4 8.0 
Mean pressure, mm. Hg 15 21.5 7.6 8-36 13 20.6 11.0 


(t for systolic blood pressure changes in patients with normal blood pressures as compared 
with those of essential hypertension = 0.7) 


30.0 15.4 4-56 13 35.0 20.6 
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was 0.07 gamma per Kg. per minute (standard 
deviation of 0.025). 


DISCUSSION 


The total systemic peripheral blood flow in pa- 
tients with essential hypertension is not signifi- 
cantly different from the blood flow in persons with 
normal blood pressure (6, 7). In one aspect cf 
the peripheral blood flow, the capillary circulation 
of the nailfold of the finger, a specific difference in 
the hypertensive patient is noted. Vasomotion, 
the irregular momentary cessations of capillary 
blood flow which probably reflects periodic, ir- 
regular vasoconstriction of the contractile elements 
of the minute vascular bed, is usually accelerated 
in patients with essential hypertension. The in- 
fusion of I-nor-epinephrine appeared to intensify 
vasomotion. When I-nor-epinephrine was infused 
intravenously in persons with normal blood pres- 
sures, the capillary circulation of the nailfold be- 
gan to resemble that observed in patients with es- 
sential hypertension. There was, however, a sig- 
nificant difference. Vasomotion of the capillary 
bed to a degree resembling that seen in patients 
with essential hypertension was produced by I-nor- 
epinephrine when the diastolic blood pressure lev- 
els were still within the normal range. Attempts 
to increase the diastolic blood pressure to levels 
found in patients with essential hypertension pro- 
duced a progressive and persistent ischemia of the 
capillary bed, an appearance not usually seen in 
patients with essential hypertension. Apparently 
the diastolic hypertensive state associated with the 
infusion of I-nor-epinephrine may have central 
systemic hemodynamics similar to those observed 
in the diastolic hypertensive state associated with 
essential hypertension but not a similar nailfold 
capillary circulation. 

The capillary bed of the nailfold of patients 
with essential hypertension appeared significantly 
more reactive to l-nor-epinephrine than the same 
capillary bed in patients with normal blood pres- 
sure, as judged by the rates of infusion required 
to produce initial ischemia of the capillaries (t = 
8.4). This could not be attributed solely to the 
increased intensity of vasomotion initially present 
in persons with essential hypertension whereby 
only a slight additional vasoconstriction induces 
an ischemic reaction. As indicated in Table II, 
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vasomotion in patients number 3 and 10a was not 
more intense initially than in the average patient 
with a normal blood pressure. The quantity of 
l-nor-epinephrine required to induce ischemia, 
however, fell in the same range as that required by 
hypertensive patients with initially increased vaso- 
motion. This hyper-reactivity of the capillary bed 
of the nailfold of patients with essential hyperten- 
sion to sustained intravenous infusions of 1-nor- 
epinephrine conforms with the previously re- 
ported hyper-reactivity to single injections (2). 
The reaction of the circulation in the capillary 
bed of the nailfold proved to be a more sensitive 
index for detecting small quantities of intrave- 
nously injected I-nor-epinephrine than was the re- 
action of the arterial blood pressure, as determined 
by the auscultatory method. Striking alterations 
in the capillary blood flow during the lower rates 
of l-nor-epinephrine infusion were often accom- 
panied by absent or minor alterations in the blood 
pressure (Table I and II). This was especially 


noted in patients with essential hypertension. 

The elevations in blood pressure and the effects 
induced in the capillary bed of the nailfold by the 
infusion of l-nor-epinephrine represented acute 
changes, for periods not exceeding three hours. 


During this period, the capillary bed exhibited 
few signs of adaptation. Even during marked 
ischemia there was no tendency to return toward 
the normal state as long as the infusion of 1-nor-epi- 
nephrine continued at a steady rate. It is possible, 
however, that I-nor-epinephrine, acting over an 
extended period, could produce a chronic hyper- 
tensive state without inducing a chronic ischemic 
reaction in the capillary bed of the nailfold. A 
study of the capillary bed in patients with persistent 
hypertension due to pheochromocytoma would, 
therefore, be of interest. 

It would be tempting to conclude that the reac- 
tions of the capillary circulation of the nailfold 
here reported indicate the reactivity of the capil- 
lary circulation as a whole. In support of such a 
conclusion one might cite observations which indi- 
cate that the reactions of the capillaries of two 
other areas, the mesoappendix of the rat (8) and 
the bulbar conjunctivae of man (9), are similar to 
those here noted for the nailfold. However, a 
conclusion that the systemic capillary circulation 
as a whole is more reactive in l-nor-epinephrine in- 
duced hypertension than in essential hypertension 
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is specifically avoided. The variations in capil- 
lary reactivity in different vascular areas are too 
great to permit generalizations from observations 
on restricted capillary fields. Accordingly, the 
conclusion of this study remains that for compara- 
ble levels of diastolic blood pressure the capillary 
circulation of the nailfold of the finger is more re- 
active during 1I-nor-epinephrine induced hyper- 
tension than in essential hypertension. Further- 
more the present observations were made in 
patients of the middle and older age groups with 
associated disease states. The results, therefore, 
are not necessarily applicable to young healthy 
adults or to young adults with uncomplicated es- 
sential hypertension. 


CONCLUSIONS 


1. The circulation through the terminal capil- 
lary loops of the nailfold is interrupted by irregular, 
momentary cessations of blood flow which prob- 
ably reflect periodic, irregular vasoconstriction 
of the contractile portions of the minute vascular 
bed. This process of vasomotion is usually in- 
tensified in patients with essential hypertension. 


2. L-nor-epinephrine infused intravenously at 
increasing rates in persons with normal blood 
pressures induced progressively increasing vaso- 
motion until the capillary bed resembled that seen 


in patients with essential hypertension. At this 
stage, the diastolic blood pressure increased an 
average of 11 mm. Hg but usually remained 
within normal limits. 

3. Further increase in the rate of infusion of 
I-nor-epinephrine induced such marked vasomotion 
that the capillary loops became ischemic. Initial 
ischemia appeared and persisted when the diastolic 
blood pressure was elevated an average of 17 mm. 
Hg, although the diastolic blood pressure at this 
stage usually did not exceed 100 mm. Hg. 

4. The capillary bed of patients with essential 
hypertension was hyper-reactive to circulating 
l-nor-epinephrine, as judged by the rates of infu- 
sion required to induce initial ischemia. Capillary 
ischemia appeared when the diastolic blood pres- 
sure was elevated by an average of only 4 mm. Hg. 
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5. The diastolic hypertensive states associated 
with essential hypertension and with the infusion 
of l-nor-epinephrine may have similar central 
systemic hemodynamics but do not have similar 
nailfold capillary circulations. 

6. The alteration of the circulation in the capil- 
lary bed of the nailfold was a more sensitive index 
for detecting small quantities of intravenously in- 
jected l-nor-epinephrine than was the alteration of 
the arterial blood pressure, as determined by the 
auscultatory method. 

7. The results and conclusions apply only to 
acute changes produced in the circulation through 
the capillary bed of the nailfold and in the systemic 
blood pressure by the intravenous infusion of 
I-nor-epinephrine. 
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Although the clinical state of hepatic coma is 
well recognized, it has not been associated with 
any consistent organic lesion of the central nerv- 
ous system. This has led to the postulation of a 
biochemical defect to account for the impairment 
of the central nervous system observed in hepatic 
coma ; however the biochemical nature and the ulti- 
mate cause of hepatic coma has not yet been found 
(1, 2). Certain nitrogenous substances given to 
patients with cirrhosis of the liver have produced a 
clinical syndrome indistinguishable from spontane- 
ous impending hepatic coma (3, 4). These ob- 
servations suggested that the quantitative determi- 
nation of substances closely related metabolically 
to ammonia might provide a better biochemical 
correlation with the clinical state. 

Since glutamine normally comprises fifteen to 
twenty-five per cent of the total a-amino acids of 
plasma (5) and may be formed metabolically by 
the combination of glutamic acid and ammonia (6) 
the plasma concentration of glutamine might re- 
flect some aspects of ammonia metabolism. Using 
paper chromatography, Walshe (7) has shown 
that patients in hepatic coma may show increased 
amounts of glutamine along with other amino 
acids in urine and plasma and that the glutamine 
content of cerebrospinal fluid may be elevated. 

Quantitative determinations of volatile base 
(“ammonia”), glutamine, and total a-amino ni- 
trogen were performed on the plasma of normal 
adults and of patients with severe cirrhosis of the 

1 This work was done under the sponsorship of the 
Commission on Liver Disease, Armed Forces Epidemio- 
logical Board, and was supported in part by the office of 
the Surgeon General, Department of the Army, and in 
part by a grant from Merck and Company, Inc., Rahway, 
N. J., to Harvard University. 

2On assignment from the National Institute of Ar- 


thritis and Metabolic Diseases, United States Public 
Health Service. 


liver, impending hepatic coma, and hepatic coma. 
The effect of ammonium chloride administered 
intravenously on plasma glutamine was also de- 
termined. 


METHODS AND MATERIALS 


Patients were selected from the wards of the Boston 
City Hospital and the Metabolic Ward of the Thorndike 
Memorial Laboratory. Eleven laboratory personnel 
served as normal controls. The ten patients with cirrhosis 
were chronic alcoholics who had clinical as well as 
laboratory evidence of chronic liver disease, i.e., spider 
angiomata, palmar erythema, palpable liver or spleen, 
ascites and edema, bromsulfalein retention, serum biliru- 
bin elevation, and abnormal thymol turbidity and floc- 
culation tests. Although oliguria was frequently ob- 
served in patients with coma, renal function as judged by 
azotemia was usually normal except terminally. (see 
Figures 2 and 3). Those thirteen patients classed as im- 
pending hepatic coma showed in addition mental confu- 
sion, lethargy, and the characteristic tremor described by 
Adams and Foley (8). “Semicoma” refers to a state 
of unconsciousness from which patients still could be 
aroused. Thirteen patients who were comatose generally 
could not be aroused even by painful stimuli, and often 
corneal reflexes were absent. Whenever possible, serial 
observations were made. 


METHODS 


Plasma collection. Venous blood was collected with 
precautions described by Conway and Cooke (9) without 
stasis in an oiled syringe and transferred immediately to 
a CO,-filled test tube containing dried heparin (0.03 mg. 
per cc. blood) and chilled immediately in an ice bath. 
Plasma was separated by centrifugation in the cold and 
either assayed immediately or stored in a deep freeze at 
— 21° C. Such storage did not change the plasma gluta- 
mine content for at least sixty days. In addition protein- 
free filtrates of plasma were made without delay after 
separation and stored in the deep freeze until subsequent 
analysis for a-amino nitrogen. 

Assays. Glutamine was determined enzymatically uti- 
lizing the specific glutaminase of Clostridium welchii 
SR-12 (American Type Culture Collection No. 6784) by 
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adapting the method of Krebs (10) to use with plasma. 
The organisms were grown, harvested and washed as 
described by Meister, Sober, and Tice (11), and sus- 
pended in 0.2 N acetate buffer pH 4.9 to give a total 
cellular nitrogen content of 4.6 mg. per cc. The prepa- 
ration was stored in 25 cc. aliquots at — 21° C. and the ali- 
quot in current use was stored at 4° C. Plasma was in- 
cubated with and without enzyme and the amide nitrogen 
liberated as ammonia from glutamine by glutaminase 
action was determined by a modification of the micro- 
diffusion method of Seligson and Seligson (12). Stand- 
ard glutamine and blanks for enzyme, glutamine and 
reagents were run with each set of determinations with 
the assays accounting for ninety-five to one hundred per 
cent of the ammonia expected from the total nitrogen 
content of a standard glutamine solution. Ninety-four 
per cent recovery of added glutamine was obtained from 
normal plasma following the addition of 12.5 ug. gluta- 
mine amide-N per cc. of plasma analyzed. Recovery from 
abnormal sera was not determined. All determinations 
were done in duplicate with a maximum difference of 0.4 
ug. of nitrogen. 

For the glutamine assays 5 cc. of plasma was adjusted 
to pH 4.8-5.0 with 4 N acetic acid using a Beckman pH 
meter. One cc. of plasma mixed with 1 cc. of 0.2 N ace- 
tate buffer pH 4.9 served as plasma blanks. For glutami- 
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nase treatment, 1 cc. plasma was mixed with 0.5 cc. 0.2 N 
acetate buffer pH 4.9 and 0.5 ce. of Clostridium welch 
suspension described above. These mixtures were pre- 
pared in 20 cc. serum bottles. After a 30-minute incuba- 
tion in a 38° C. water bath, the ammonia was liberated 
from solution by addition of 1 cc. of saturated potassium 
carbonate and collected by microdiffusion into a centrally 
suspended drop of phosphoric acid. The acid coated a 6 
mm. spherical enlargement at one end of a 4 mm. glass 
rod suspended in the center of the bottle from a one-hole 
rubber stopper. The rods were stored with the ball por- 
tion immersed in 85 per cent orthophosphoric acid and 
were rinsed thoroughly with distilled water and only 
the rod portion was dried with a wipette immediately be- 
fore use. This treatment permitted a uniform liquid film 
to be left after dipping the ball portion into 1 M phos- 
phoric acid. After microdiffusion for 1 hour with hori- 
zontal rotation of the bottles at 34 r.p.m. and 23° C., the 
glass rods were removed and the ball portions rinsed 
thoroughly in 5 cc. of distilled water in a Coleman cu- 
vette. One-half cc. of Nessler’s solution prepared by the 
method of Vanselow (13) was added with mixing and 
the optical density at 500 mu determined after 20 min- 
utes with a Coleman Jr. Spectrophotometer and com- 
pared with simultaneously run ammonium sulfate stand- 


ards. The plasma blank was used as an estimation of 
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Fic. 2. Serta OBSERVATIONS ON Patient A. D. 
SHOWING THE RELATIONSHIP OF DEPTH OF COMA TO THE 
PLASMA NITROGEN FRACTIONS MEASURED 


The vertical lines indicate the range of normal values. 
The patient died on the tenth day. 


volatile plasma base indicated as “ammonia” in the ac- 
companying charts. This is probably not true ammonia 
as the values for normal individuals are somewhat higher 
than are reported in the literature (9, 14). Plasma 
a-amino nitrogen was determined by the method of 
Hamilton and Van Slyke (15). 


RESULTS 


The individual values for plasma “ammonia-N” 
and glutamine amide-N found in normal controls 
and patients with liver disease are given in Fig- 
ure 1. The plasma “ammonia” values show a defi- 
nite trend toward high values in the coma group. 
The mean and range of values are : 1.3 (R. 0.5- 
2.2) wg. ammonia-N/cc. for normals, 2.2 (R. 1.3- 
3.2)ug. N/cc. for cirrhosis without neurological 
complications, 2.6 (R. 1.44.4) yg. N/cc. for im- 
pending coma, and 3.5 (R. 1.7-8.2) pg. N/cc. for 
coma. The scatter of values about the mean for 


the coma group indicates that half the values are 
no different from the values found in cirrhosis 
without neurological complications. The indi- 
vidual values do not consistently correlate with 
the‘neurological status. 

The glutamine values indicate considerable vari- 
ation. The mean and range of plasma glutamine 
values are : 8.04 (R. 6.2-10.8) wg. amide-N/cc. for 
normal subjects, 7.02 (R. 4.6-11.1) for patients 
with cirrhosis, 7.66 (R. 3.8-11.3) for patients with 
cirrhosis with impending coma, and 9.7 (R. 4.0- 
26.1) for patients with hepatic coma. The pa- 
tients with impending hepatic coma show values 
no different from those without neurological com- 
plications. Of the thirteen patients in coma, while 
five had initial glutamine values greater than the 
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Fic. 3. SERIAL OBSERVATIONS ON PatiENT T. H. 
SHOWING THE RELATIONSHIP OF DEPTH OF COMA TO THE 
PLASMA NITROGEN FRACTIONS 

The vertical lines indicate the range of normal values. 
The patient died on twenty-first day of observation. 
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normal range, the majority of patient’ had normal 
values. 

Serial observations have revealed no correlation 
between neurological status and any fraction of 
the plasma non-protein nitrogen measured. Two 
patients followed serially are presented in Figures 
2 and 3. The plasma glutamine data are within 
the normal range throughout, although in both 
cases the plasma alpha amino-nitrogen fraction is 
elevated. In two other patients with coma, ele- 
vated plasma a-amino N was noted (values 5.4 
and 8.1 mg. per cent, the normal range being 
2.9-4.5 mg. per cent) with plasma glutamine con- 
centrations of 6.7 and 7.1 pg. amide N/cc., re- 
spectively, which are within the normal range. 
There is a suggestive correlation of plasma “am- 
monia-N”’ and depth of coma in case 2 (Figure 3). 

The relationship of plasma (or blood) “am- 
monia” concentration and neurological status was 
further evaluated by the intravenous administra- 
tion of 1 or 2 per cent ammonium chloride in dis- 
tilled water to four patients with alcoholic cirrhosis 
of the liver without evidence of impending coma. 
In six infusions, at a maximal rate of 1100 cc. of 2 
per cent solution in 2% hours, blood or plasma 
levels as great as 18 wg. NH,-N/cc. (1.8 mg. per 
cent) were achieved. The characteristic “flap- 
ping” tremor and mental confusion of impending 
coma were observed in only one patient (Figure 
4). All patients developed nausea and vomiting 
at rapid infusion rates (greater than 60 drops per 
min. of 2 per cent solution). In two cases serial 
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measurements of plasma glutamine indicated stable 
concentrations throughout although plasma ‘‘am- 
monia” values reached peak levels of 13.6 and 
18.4 pg. ammonia—N/cc. during the infusion. 


DISCUSSION 


Studies of ammonia metabolism by Foster, 
Schoenheimer, and Rittenberg (16) using N*® 
labeled ammonium ion in the rat have shown that 
the most rapid incorporation was into an amide 
nitrogen fraction which is presumably the amide 
group of glutamine. Incorporation into the 
a-amino nitrogen of glutamic and aspartic acids 
also occurred but at a much slower rate. This 
seems to indicate a close metabolic relationship be- 
tween ammonia metabolism and glutamine, al- 
though enzyme studies (17) have not placed glu- 
tamine in the direct pathway of reactions leading 
to the formation of urea which is the main end 
product of metabolized ammonia. Glutamine for- 
mation from ammonia and glutamic acid has been 
proposed as a biological method for detoxification 
and transport of ammonia (18, 19). A role of 
metabolic buffer for providing Krebs cycle in- 
termediates has also been proposed (20) and re- 
cently evidence for a fundamental role in transfer 
reactions leading to peptide synthesis has been 
found (21). 

Quantitative determinations of plasma gluta- 
mine were made to evaluate the possibility that al- 
terations in plasma glutamine concentration might 
reflect altered ammonia metabolism. The results 
do not support this concept. However, it is quite 
possible that the tissue content of glutamine could 
be affected by the abnormalities in ammonia me- 
tabolism without affecting plasma levels. In 
hepatectomized dogs, an increased content of glu- 
tamine in brain, muscle and plasma has been ob- 
served (22). The glutamine content of brain was 
not proportional to the plasma content. 

The failure to observe any relationship between 
clinical status and plasma glutamine content does 
not indicate that glutamine-ammonia metabolism 
is unrelated to the neurological status. Although 
a better correlation has been observed between 
plasma “ammonia” and the clinical status, the am- 
monium infusion studies suggest that a direct 
quantitative and temporal relationship does not 


exist. Even though the plasma content of am- 
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monia was elevated for several (2 to 4) hours, 
neurological abnormalities were observed in only 
one patient. 


SUMMARY 


The specific glutaminase of Cl. Welchit has been 
adapted for quantitative analysis of plasma glu- 
tamine. Plasma from normal adults and patients 
with cirrhosis of the liver was assayed for the con- 
tent of glutamine and volatile base (ammonia) 
liberated during microdiffusion. The values for 
plasma glutamine were similar in all groups evalu- 


ated. The values for volatile base, “ammonia,” 
tended to be elevated in the impending hepatic 
coma and hepatic coma groups compared to the 
controls. 

No correlation between plasma glutamine and 
neurological status of the patients with cir- 
rhosis was noted in individual patients observed 
serially or in the groups as a whole. A _ sug- 
gestive correlation of neurological status and the 
plasma “ammonia” is evident in the mean values 
for the groups; however, this was not con- 
sistently present in serial measurements in indi- 
vidual patients. 

The characteristic neurological findings of im- 
pending hepatic coma were produced in one of 
three patients in whom elevated plasma “ammonia” 
levels were produced by the infusion of ammonium 
chloride without any effect on the concentration of 
plasma glutamine. 
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The acromegalic state often is accompanied by 
an enlargement of the soft tissues of the body. 
The purpose of the present work was to determine 
whether these tissue changes are accompanied by 
changes in the content and distribution of water 
and electrolytes in the body. In this connection 
the administration of growth hormone was shown 
to induce an increase in the total body water of 
normal (1-4) and hypophysectomized (5) rats, 
and of normal dogs and cats (3). Similarly, 
growth hormone caused a retention of sodium and 
potassium in normal (6) and diabetic (7) rats, and 
a retention of sodium, potassium, and chloride in 
adrenalectomized rats (8). The thiocyanate 
space in normal and hypophysectomized rats (9) 
and the plasma volume in dogs (10) increased 


after injection of growth hormone. 

The present paper gives the results of measure- 
ments of the total body water, the extracellular 
water and the exchangeable sodium in 18 acro- 
megalic patients. 


MATERIAL AND METHODS 


Total body water was calculated from the volume of 
distribution of antipyrine (11). Total exchangeable 
sodium was calculated from the apparent volume of dis- 
tribution of the radioactive sodium isotope Na™ (12). 
The extracellular water was calculated from the vol- 
umes of distribution of inulin (13) or thiosulfate (14). 
In six cases, both of these methods were used to esti- 
mate the volume of extracellular water. In six cases, no 
measurement of the extracellular fluid was made. 

All experiments started at 8 am. The patients were 
not allowed to eat after 8 p.m. the day before the test. 
Urine was collected the preceding day for the determi- 
nation of the blank excretion of inulin. The antipyrine 
was given from a calibrated burette, and venous blood 
samples were drawn after two, three, four, and five hours. 
Immediately after the injection of antipyrine the constant 
infusion of inulin was started. The infusion of inulin 
was continued for 6 to 7 hours. When simultaneous 


1 These studies were aided by grants from the Medical 
Research Council of Sweden and from Knut and Alice 
Wallenberg’s Foundation. 


measurements of the thiosulfate and inulin spaces were 
performed, thiosulfate was injected immediately after 
the inulin test was completed. If the thiosulfate space 
only was used for the measurement of the extracellular 
water, the test was performed the day after the determi- 
nation of total body water, since thiosulfate interferes 
with the chemical analysis of antipyrine in plasma. 

Radioactive sodium, Na™, was injected intravenously, 
immediately after the determination of the extracellular 
water was completed. Urine was collected for the fol- 
lowing 18 hours, and blood samples were taken at the 
end of the urine collection period. 

Antipyrine in plasma was analyzed according to 
Brodie, Axelrod, Soberman, and Levy (15). In our 
hands the time necessary for the completion of the reac- 
tion between antipyrine and sodium nitrite was different 
from day to day. Repeated readings, therefore, were 
taken every five to ten minutes after the addition of so- 
dium nitrite. The maximal extinctions obtained were 
plotted on a semilogarithmic paper, and the extinction at 
zero time was obtained by extrapolation. The volume of 
distribution of antipyrine was calculated by dividing the 
given amount of antipyrine by its zero time plasma con- 
centration. 

The inulin in plasma was analyzed by Roe’s resorcinol 
method, as modified by Schreiner (16). The inulin space 
was obtained by dividing the total amount of inulin ex- 
creted after discontinuation of the infusion by the inulin 
concentration in plasma at equilibrium. The thiosulfate 
in plasma was analyzed by the indirect iodometric- 
macromethod of Newman, Gilman, and Philips (17). 
The thiosulfate concentration at zero time was obtained 
by extrapolation, and the volume of distribution calculated 
from this value and the amount of thiosulfate given. 

The concentration of sodium in plasma was measured 
by a Beckman flame photometer. 

The conversion of the antipyrine, inulin, and thio- 
sulfate spaces to total body water and extracellular wa- 
ter, respectively, was made by multiplying the values 
obtained by 0.93. The concentration of sodium in plasma 
water was calculated from the corresponding value in 
plasma, using the same figure, 0.93. The plasma water 
content of the acromegalic patients was taken as normal. 

The surface area of the body was derived from the 
nomogram of DuBois, although the authors are aware of 
the fact that the applicability in acromegaly of the Du- 
Bois surface area tables has not been proved. 

Intracellular water was taken as the difference between 
total body water and extracellular water. Total ex- 
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TABLE I 
Case material 








Plasma phosphorus, mg. % 





Duration 
Surface ° Soft At the Highest Lowest 
Height Weight area disease tissue present value value 
cm. Kg. m? years swelling study observed* observed* 


179 87.6 2.04 4.8 3.4 
164 68.0 1.73 
177 76.0 1.94 
181 101.0 2.20 
169 75.6 1.85 
156 63.0 1.61 
195 99.0 Zoe 
175 80.8 1.95 
199 92.0 
165 74.0 
167 75.0 
197 95.0 
174 78.0 
175 80.0 
178 89.7 
173 78.0 
177 78.1 
182 92.5 
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* These values were observed during the whole period of observation. 


changeable sodium (mEq.) was calculated from the ap- (liters). Intracellular sodium was calculated as the dif- 
parent volume of distribution of radio-sodium Na™ ference between total body sodium and extracellular so- 
(liters) and the concentration of sodium in the plasma dium. The apparent mean intracellular sodium concen- 
water (mEq. per liter). Extracellular sodium was cal- tration (mEq. per liter) was calculated by dividing the 
culated as the product of plasma water sodium concen- intracellular sodium by the intracellular water volume. 
tration (mEq. per liter) and extracellular water volume The material of the present study consisted of 18 cases 


TABLE II 
Total body water and total exchangeable sodium in patients with acromegaly 








Total body water Total exchangeable sodium 








% of L./m? . mEq./Keg. mEq./m* mEq./L. 
body surface body surface total body 
weight area 5 weight area water 


56.6 24.3 52.7 2,265 93.1 
45.1 17.8 : 58.2 2,287 128.8 
52.7 21.1 54.6 2,190 103.6 
50.7 23.3 54.0 2,478 106.4 
45.0 18.4 48.1 1,967 107.0 
54.0 21.1 54.2 2,120 
63.7 27.3 R 2,685 
55.9 23.2 . 2,385 
59.6 24.2 48.0 1,956 
60.8 24.9 F 1,982 
47.7 19.6 3,00: F 1,641 
26.6 F 2,424 
20.9 J F 2,040 
2,416 
2,117 
1,994 
1,907 
2,284 
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Average 2 : : 2,174 
Standard error of mean ‘ ; J 60 
Healthy subjects: 

Average : } , 1,386 

Standard error of mean : ; . 35 
Significance of difference: 

P-value 
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of acromegaly (Table I). In none of the patients thy- 
rotoxicosis, diabetes mellitus, testicular atrophy or 
adrenal cortical insufficiency could be demonstrated. 
Signs of congestive heart failure were not present in any 
of the cases. 
peared in these patients. The cases were unselected with 
respect to the activity of the disease; cases Nos. 6, 11, 
and 15 were therefore included despite the fact that they 
were considered almost “cured.” The table gives clini- 
cal and laboratory data, describing the status of the pa- 
tients at the time of the present study. 


No instances of acromegalic gigantism ap- 


RESULTS 


In the acromegalics (Table II) the average total 
body water was found to be 55.8 per cent of the 
body weight or 23.2 liters per square meter of 
body surface. The corresponding figures for the 
normal group of nine healthy subjects (18) were 
49.7 per cent and 18.6 liters, respectively. The 
differences between the figures of the two groups 
were statistically significant. 

The amount of total exchangeable sodium in the 
acromegalics corresponded to 52.8 mEq. per Kg. 
body weight or 2174 mEq. per square meter of sur- 
face area or 94.8 mEq. per liter of total body wa- 
ter. These figures were significantly higher than 
the corresponding ones in the group of healthy 
subjects. 

The distribution of body water between the 
intra- and extracellular phases, using the inulin 
or thiosulfate spaces in the calculation of the 


amount of extracellular water, is presented in 
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Tables III and IV, respectively. In Tables III and 
IV is also presented the distribution of exchange- 
able sodium between the intra- and extracellular 
spaces using inulin or thiosulfate. The mean 
values of the results presented in Tables III 
and IV are given in Table V together with the 
corresponding figures obtained by similar meas- 
urements in the group of healthy subjects (18). 
Table V shows that extracellular water expressed 
as liters per square meter of surface area or as per- 
centage of body weight was significantly increased 
in the acromegalics, whether the calculations were 
made from the inulin or thiosulfate spaces. How- 
ever, when expressed as percentage of total body 
water, the extracellular water was significantly 
higher, only when the thiosulfate space was used. 

The amount of intracellular water expressed as 
per cent of body weight was of the same magnitude 
in the acromegalics and in the healthy subjects. 
Expressed as liters per square meter of surface 
area it was different (higher) in the acromegalics, 
only when calculated from the inulin space. When 
expressed as per cent of total body water it was 
significantly higher in the acromegalics, only when 
calculated from the thiosulfate space. 

The distribution of exchangeable sodium be- 
tween the intra- and extracellular fluid compart- 
ments in the acromegalics did not differ from 
that in the healthy subjects. However, the “‘ap- 
parent” mean intracellular sodium concentration 


TABLE V 
A comparison of the distribution of water and exchangeable sodium in healthy subjects and acromegalics 








Body water 


Exchangeable sodium (Nae) 








_ Extra nell ular (E Cc W) 
// =, 
total 
body 
water 


% of L./m? 
body — surface 
weight area 


% of 
body 
weight 


L./m* 
surface 
area 


Intracellular (ICW) 


Extracellular Intracellular 
(EC) (IC) 


% of 
total 
body 
water 


% of 
Ra total 
_Ic W: a ‘CW Nae 


mEq./L. 
ICW 








Extracellular water calculated from the inulin space 
Normals (9 subjects) 
Average 14.8 
_ 0.3 


29.9 
0.7 


33.8 
2.0 


Sen 34.9 13.0 

0. 0.9 0.4 
Acromegaly (7 subjects) 

Average h§ 8. 38.1 15.8 

ig 1.5 0. 0.8 
P-value <0.01 <0.01 0.0 
Extracellular water calculate 
Normals (9 ae 

Av erage 15.2 

0.3 

Acromegaly (11 subjects) 

Average 20.5 * 38. 33.4 = 13. 

Sa” 1.0 5 * 1.3 0. 

P-value <0.0015< r 


1.8 
<0. 
from the thiosulfate space 


34.6 12.9 
0.9 0. 


4 
8 
6 





* Standard error of mean. 
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was significantly higher in the acromegalic pa- 
tients. 


DISCUSSION 


The question may be raised, whether, with the 
methods used, it is possible to obtain exact meas- 
urements of the total body water and extracellular 
water. 

The antipyrine space in healthy subjects has 
been found to be 2 to 5 per cent smaller than the 
deuterium or tritium space (11, 19, 20). The 
same relation was obtained in some diseased states 
(21) except in the presence of edema (22). 
This constancy shows that the antipyrine space 
represents at least a constant fraction of the total 
body water if not the true volume. In edematous 
patients the antipyrine space has been found to be 
about 15 per cent smaller than the deuterium space 
(22). No comparison has been made between 


the antipyrine and deuterium spaces in acromegaly. 
Whether the ratio of the antipyrine space to the 
deuterium space in acromegalics is smaller, as in 
edematous patients, or of the same magnitude as 
in healthy subjects, the significance of the differ- 
ences found in the present work will still hold 


true. 

It is very much discussed, whether the inulin 
and thiosulfate volumes of distribution represent 
the whole extracellular compartment. However, 
it has been shown that they measure a reproduci- 
ble space, which is believed to be the functional 
extracellular fluid volume (23). Consequently, 
we have used the changes in the inulin and thiosul- 
fate spaces as indices of changes in the extracellu- 
lar compartment. “Extracellular water” in the 
present work therefore represents the portion of 
the true extracellular water, which is included 
in the inulin and thiosulfate space. From this it 
is obvious that the calculated “intracellular water” 
in the present work might be somewhat overesti- 
mated. 

A better reference for the fluid compartments 
would perhaps be the correlation to the lean body 
mass. However, we did not consider the formulas 
developed for the calculation of the lean body 
mass @ priori applicable to cases of acromegaly, 
where nothing is known about the mean water 
content of the lean body mass or the cell mass. 
In view of the abnormal body build in acromegaly 
we have correlated our results to body weight, 
surface area, and in the case of extracellular and 
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intracellular water and exchangeable sodium also 
to total body water. 

The finding of an increased total body water 
content in acromegalics is of interest in the light 
of the results obtained in the animal experiments 
mentioned in the introduction, as an abnormal se- 
cretion of growth hormone is generally believed 
to be, if not the only, at least the principal factor 
in the production of the clinical picture of 
acromegaly. 

The increase in extracellular water in the 
acromegalics, when expressed as percentage of 
body weight or as liters per square meter of sur- 
face area, obtained with inulin as well as with 
thiosulfate, two substances so different in many 
respects, favors the view that the observed change 
in the extracellular water volume was a true in- 
crease and not due to alterations of the perme- 
ability of the cell membranes. Although the latter 
possibility cannot be excluded, the large increase 
in exchangeable sodium strongly favors the view 
that the extracellular space was increased. 

The extracellular water represented a larger 
part of the total body water in the acromegalic than 
in the healthy subjects, but the difference was 
statistically significant with thiosulfate only. In 
three (Nos. 1, 11, and 15) of the seven patients 
studied with inulin the inulin space formed an en- 
tirely normal percentage of the total body water. 
Two of these cases (Nos. 11 and 15) had been 
treated for a long time and were considered almost 
“cured.” Our results favor the hypothesis that 
in acromegaly the extracellular water is increased 
disproportionally to the intracellular water. 

The increase in total exchangeable sodium ob- 
served in acromegaly was concomitant with the 
increase in the extracellular space. As to the ob- 
served increase in the “apparent” mean intracel- 
lular sodium concentration this finding does not 
prove an actual increase in the sodium content of 
the cells. It is known that about fifty per cent of 
the body sodium is to be found in the skeleton and 
that only about half of it exchanges with radio- 
sodium in healthy subjects (24). An increase in 
the percentage of the bone sodium exchanged or 
a disproportional increase in the bone mass over 
the soft tissue would give an increased “mean in- 
tracellular sodium concentration.” 

The significance of the changes observed in the 
acromegalics, t.e., the increase in total body water 
and in total exchangeable sodium and the prob- 
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ably disproportional increase in the amount of ex- 
tracellular water, cannot be decided at present. 
However, these differences between the acro- 
megalic and healthy subjects are similar to those 
observed between infants and adults (19, 25, 26). 


SUMMARY 


The amount of total body water (antipyrine 
space) per Kg. of body weight and per square 
meter of body surface, was significantly increased 
in a group of 18 acromegalic patients. 

The amount of total exchangeable sodium in 
mEq. per Kg. of body weight, per square meter 
of surface area or per liter of total body water was 
also increased in the same patients. 

The amount of extracellular water (inulin or 
thiosulfate spaces) per Kg. of body weight or per 
square meter of surface area was higher in the 
acromegalic patients. 

The apparent mean intracellular sodium con- 
centration was higher in the acromegalic subjects. 
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The experiments to be described were under- 
taken to devise a simple and rapid technique for 
the separation of sodium from potassium in human 
blood serum in order to facilitate the simultaneous 
measurement of exchangeable sodium and potas- 
sium in man by the isotope dilution technique. 
This technique requires the intravenous admini- 
stration of a known amount of radioactive sodium 
(Na**) and radioactive potassium (K*?), followed 
by the determination, after a twenty-four hour 
equilibration period, of the individual sodium and 
potassium radioactivities and concentrations in 
the serum. The general principles underlying the 
application of the isotope dilution technique to the 
measurement of body constituents have been out- 
lined by Edelman, Olney, James, Brooks, and 
Moore (1). The data presented here are pri- 
marily concerned with the separation of sodium 
from potassium in aqueous solutions and serum. 
The results of our measurements in man are pre- 
sented in Part II of this study (2). 

Since the isotope dilution method for the meas- 
urement of exchangeable body sodium and potas- 
sium requires separate determinations of the radio- 
activity of the Na** and K*? found in the serum, 
three methods for making the discrimination be- 
tween sodium and potassium were considered: 1) 
Physical separation, which makes use of differ- 
ences in the physical characteristics of the radia- 
tion from the two isotopes ; 2) chemical separation 
by precipitation ; and 3) chemical separation by ion 
exchange. 

It is difficult at present to make accurate indi- 
vidual measurements based on differences in 
physical properties of the radioactivity of Na* 
and K* in mixtures of the two isotopes, because 
their half-lives, 15.06 and 12.44 hours, respectively, 
are very similar, and because both isotopes emit 


beta particles and gamma rays whose energies are 
not markedly different.’ 

Chemical separation by precipitation can be car- 
ried out by a standard procedure, and James, 
Brooks, Edelman, and Moore (4) have developed 
a technique for adapting such a procedure to the 
requirements of the isotope dilution method. We 
have adopted chemical separation by ion exchange, 
making use of the sulfonic acid cation exchange 
resin, Dowex 50, in order to simplify the separa- 
tion for clinical use. This procedure depends 
upon the greater affinity of Dowex 50 for the po- 
tassium ion than for the sodium ion so that these 
alkali metals may be eluted separately from the 
resin column with hydrochloric acid. 


For our purposes the separation procedure had 
to satisfy the following special criteria: speed and 
completeness of separation, relative simplicity, and 


acceptable reproducibility. The importance of 
speed is apparent from the following facts. The 
amount of isotope that can be safely administered 
to man for investigative purposes is closely limited, 
and consequently our dose does not exceed 0.45 
rep (roentgen equivalent physical). Approxi- 
mately two half-lives elapse in the 24-hour period 
between injection and removal of the blood sample, 
with a resultant four-fold decrease in radioactivity. 
Furthermore, the amount of radioactivity in the 
50 ml. sample of blood drawn represents but a 
small fraction of the amount injected. Thus, it is 
essential to reduce to a minimum the elapsed time 
between drawing the blood sample and measuring 


1 The radiation from Na™ and K“ is given by Hollander, 
Perlman, and Seaborg (3) as: 


Na™ 6, 1.39 Mev. (~100%), 4.15 Mev. (0.003%) ; 
y, 138 Mev. (~100%), 2.76 Mev. (~100%): 
4.1 Mev. (0.04%) 
K® 6°, 3.58 Mev. (75%), 2.04 Mev. (25%) ; 
¥, 15 Mev. (25%) 
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the radioactivity in order to obtain a reasonable 
counting rate and accurate results. 

The necessity for a complete separation arises 
from the disparate concentration of sodium and 
potassium in blood serum (143 mEq. Na per L. 
and 4.65 mEq. K per L.). Although the initial in- 
jection is adjusted so that twice as much K* as 
Na* is administered, a contamination of the potas- 
sium by 1 per cent of the sodium would result in a 
15 per cent error in the K*? measurement. To ob- 
tain a cross-contamination of less than 1 per cent 
only 0.07 per cent of Na** can be tolerated in the 
K* fraction. 

Since Cohn and Kohn (5) first demonstrated 
that a sulfonated cation exchange resin, Dowex 
50, could be used to separate the alkali cations, a 
number of other investigators, Kayas (6), Beuken- 
kamp and Rieman (7), and Sweet, Rieman, and 
Beukenkamp (8), have investigated the use of 
resins to separate sodium from potassium. None 
of the procedures developed by these workers fully 
satisfied the criteria we had formulated. The 
separations of Cohn and Kohn and Kayas required 
over 24 hours, while the method of Beukenkamp 
and Rieman required the use of a column almost 
60 cm. long, composed of colloidal Dowex 50, a 
mesh size which does not give reproducible results 
from batch to batch. Consequently, it was decided 
to determine by further studies with Dowex 50 
the optimum combinations of such variables as 
mesh size, column length, cross linkage, normality 
of eluting acid, temperature, and rate of flow for 
our special needs. 


APPARATUS AND REAGENTS 


The resin was procured from the Dow Chemical Com- 
pany 2 in the hydrogen cycle. To insure complete freedom 
of the resin from any small residual content of sodium and 
potassium, the resin was first eluted in column form with 
300 ml. of 3 N hydrochloric acid at a rate of 1.5 ml. per 
minute. It was then washed with distilled water until 
the effluent was neutral to litmus paper. The resin col- 
umns rested on a glass wool plug or on a sintered glass 
filter (medium porosity) in a glass column of 1.3 to 1.6 
cm. diameter. The wet resin was poured into the col- 
umn and allowed to settle to the desired height. A small 
loose plug of glass wool was then placed on top of the 
resin column. 


2We wish to express our appreciation to the Dow 
Chemical Co., Midland, Michigan, for their extremely 
helpful cooperation and for providing much of the resin 
used in these studies. 
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Fie. 1. 


The rubber tubing is pulled tightly over the four cross 
bars in the pump. Each of the cross bars can turn on 
its long axis as the pump rotates. The volume of eluate 
delivered is determined by the diameter of the rubber tub- 
ing and the speed with which the pump revolves. Four 
tubes can be wound around the pump in parallel to deliver 
at equal rates. 


ConsTANT Flow Pump 


Hydrochloric acid (C.P.) was used as the eluting agent 
(elutriant). Samples were collected in the tubes of a 
fraction collector and the rate of flow was maintained at a 
constant speed with the aid of an electrically driven pump 8 
(Figure 1) introduced into the system between the col- 
umn and the fraction collector. The pump consisted of 
four 0.6 cm. round stainless steel bars spaced at equal 
intervals on a circle of 3.7 cm. radius around a central 
shaft. Gum rubber tubing with an inside diameter of 
2 to 3 mm. was tightly wound around the steel cross-bars, 
which were themselves free to rotate around their long 
axes. As the pump rotated the fluid was propelled through 
the rubber tubing by the pressure of the bars. 

Measurements of sodium and potassium concentration 
in the effluent were made with the use of the radioactive 
isotopes Na™ and K® obtained from the Atomic Energy 
Commission at the Brookhaven National Laboratory. 
The radioactivity was measured by use of a Geiger- 
Mueller dip counter described by Solomon and Estes (9) 
mounted in a special stand designed by Dr. C. V. Robin- 
son to accommodate 8 ml. samples. 


EXPERIMENTAL PROCEDURE 


The test solution was an aqueous mixture of sodium 
chloride with a concentration of 140 mEq. per L. and 
potassium chloride with a concentration of 4.5 mEq. per L. 
containing approximately 10° counts per min. of Na™ and 
the same amount of K®. These concentrations were 
chosen to simulate human serum concentrations. With 
our counting equipment and its background of 20 to 30 
counts per minute we could easily obtain reliable meas- 
urements of activities of 100 counts per minute so that 
0.01 per cent of the material added to the column could 
be detected. 

Ten to forty ml. of test solution were added to the 
resin column at rates up to 1.5 ml. per minute. Eight 


8 We wish to express our appreciation to Ionics, Inc., 
Cambridge, Massachusetts, for their kindness in suggesting 
the use of such a pump and in making its design available 
to us. 
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hundred ml. of eluting acid were then run through the 
column at rates varying from .74 to 1.1 ml. per min. 
and collected in 10 ml. fractions. The radioactivitics of 
these fractions were measured in the dip counter. For 
this purpose one minute counts which gave probable 
errors of up to § per cent provided satisfactory accuracy. 
By calculating the per cent of added radioactivity in each 
of these tubes elution curves for Na™ and K* could be 
drawn. 

Although the test solution was an aqueous one, equiva- 
lent results have also been obtained in the separation of 
sodium from potassium in serum. It was found experi- 
mentally that serum could not be added to the column di- 
rectly without prior protein precipitation. For these 
experiments, 10° counts per min. of Na“ and K® were 
added to 20 ml. of serum; the protein was then precipi- 
tated with 15 ml. of 10 per cent trichloracetic acid (C.P.), 
centrifuged at 1280 G and washed with an additional 10 
ml. of reagent. After the addition of the supernatant and 
the washings to the resin column, approximately 10 per 
cent of the added Na™ and K® remained absorbed on the 
precipitate which was not a significant loss of radioac- 
tivity for counting purposes. 


RESULTS 


Dowex 50 mesh sizes, 200 to 400, minus 325 
(200 to 400 screened through a 325 mesh screen), 
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minus 400, and colloidal agglomerates were in- 
vestigated. Although the colloida) agglomerates 
theoretically (10) would provide the optimum 
mesh size for the separation, this resin size was 
not adopted since Sweet, Rieman, and Beukenkamp 
(8) had found the performance of colloidal ag- 
glomerates relatively non-reproducible from batch 
to batch. Consequently, we chose minus 325 mesh 
and, when it later became available, minus 400 
mesh. 

Figure 2 demonstrates the variation in the 
elution curves of sodium and potassium resulting 
from increasing the cross-linkage of the resin from 
8 per cent to 12 per cent. Twelve per cent cross- 
linkage was determined to be the most favorable 
for our purpose. 

The effect of varying the length of the resin col- 
umn on the separation of the sodium and potassium 
ions is demonstrated in Table Ia. This table shows 


that an increase in length of the column by 0.5 cm. 
under these conditions very effectively drew the 
Na*t and K* peaks apart. 
assured a complete separation, it also increased 


While a long column 
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Fic. 2. Errect oF Cross-LINKAGE ON ELution Curves oF SopIUM AND PoTASSIUM 
Exchanger—Dowex 50 
Column—5.5 X 1.6 cm. 
Mesh—minus 325 
Elutriant—0.26 N HCl 
Flow rate—0.74 ml./min. 
Room temperature 
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TABLE I 


Effect of column length, elutriant concentration, and temperature on elution curves of sodium and potassium 








Na™ Peak* K*? Peak* 
' Position Height Half-width Position Height Half-width 
Effect of (ml. eluate) (% activity) (ml. eluate) (ml. eluate) (% activity) (ml. eluate) 








a. Column length 
5 cm. 130 21 40 310 12 74 
5.5 cm. 140 24 38 390 10.5 84 
b. Elutriant concentration 
0.13N 170 64 500 4.5 170 
0.26 N 100 24 44 280 8.5 110 
c. Temperature 
20° C. 170 14.5 64 500 5 170 
80° C. 150 17.5 46 330 5 120 
Resin conditions: 
a. 325 mesh, 12 per cent cross-linked, column diameter 1.6cm. Elutriant is 0.26 N HCl flowing at rate of 0.74 ml./min. 
at room temperature. 
b. 200-400 mesh, column dimensions 4.0 X 1.6 cm. Elutriant is HCI flowing at rate of 0.74 ml./min. at room tem- 
perature. 
c. 200-400 mesh, column dimensions 4.0 X 1.6 cm. Elutriant is 0.13 N HCI flowing at a rate of 0.74 ml./min. 





* The position of the Na* and K® peak is calculated in terms of ml. of eluate. The peak height is expressed as 
per cent of added counts found in the tube containing the highest activity. The half-width of the peak, a measure of 
its sharpness, indicates the volume in ml. of eluate across the peak at a point half-way to the top. 
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Fic. 3. Optimat ConpiTions For RESIN SEPARATION OF SODIUM FROM PoTASSIUM 


Exchanger—Dowex 50 
Coiumn—8.0 X 1.3 cm. 
Mesh—minus 400 

Flow rate—0.74 ml./min. 
Cross-linkage—12% 
Room temperature 


The insert which shows a 100-fold magnification of the region between 200 and 300 
milliliters indicates the negligible amount of cross-contamination in the valley between 
the peaks. These curves do not demonstrate the change in eluting acid normality 
and flow rate utilized to decrease the time for potassium elution. 
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the time necessary to effect the separation. An 
8.0 cm. column was found to be the optimum length 
for our purpose. 

The flow rate of eluting acid chosen was the 
fastest rate which would provide equilibrium con- 
ditions as judged from the symmetry of the peaks. 
An unimpaired flow was most easily achieved in 
systems which were kept constantly full of fluid 
to avoid the formation of air-locks. The optimal 
flow rate was found to be 0.74 ml. per min. 

Increasing the normality of the eluting hydro- 
chloric acid sharpened the peaks and hastened the 
appearance of the initial sodium peak. However, 
this advantage was limited by the fact that the 
potassium peak was moved closer to the sodium 
peak as the acid normality was increased. Table 
Ib shows the effect of changing the eluting acid 
from 0.13 N to 0.26 N. The most desirable acid 
concentration was determined to be 0.26 N hydro- 
chloric acid. 

The effect of raising the temperature provided 
the same advantages and limiting factors as in- 
creasing the normality of the eluting acid in that 
as the peaks were sharpened the K** peak moved 
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closer to the Na** peak. The temperature of the 
resin column was increased by wrapping resistance 
wire around the glass column above the resin so 
that the entrance temperature of the eluting acid 
was raised to 80° C. The results of this tempera- 
ture increase are shown in Table Ic. Since it was 
appreciably more difficult to operate at high tem- 
peratures than at room temperature this procedure 
was not adopted. 


OPTIMUM SEPARATION CONDITIONS 


Because of the numerous variables involved, 
approximately one hundred sets of elution curves 
were determined before the final conditions were 
chosen. The conditions for separation of sodium 
from potassium found to be optimal for our pur- 
poses were: a column of Dowex 50 resin of minus 
400 mesh, 12 per cent cross-linked, 8.0 cm. in 
length and 1.3 cm. in diameter. The desirable 
eluting acid was 0.26 N hydrochloric acid with a 
flow rate of 0.74 ml. per min. Figure 3 shows the 
separation achieved under our optimum conditions ; 
the insert indicates the negligible amount of cross- 
contamination between the two alkali ions. Be- 
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. 4. Repropucrsitity oF EL_ution Curves or SoptuM AND PoTASsIUM 
Exchanger—Dowex 50 
Column—5.0 X 1.6 cm. 
Mesh—minus 325 
Flow rate—0.74 ml./min. 
Cross-linkage—12% 
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cause of the character of the individual curves 
which rise sharply from the baseline but tail off as 
they return, sodium may appear in the potassium 
fraction, whereas the reverse does not occur. The 
magnitude of the sodium contamination of the po- 
tassium fraction as determined by radioactivity 
measurements of Na** in the potassium eluate 
is of the order of 0.008 per cent of the initial amount 
of sodium placed on the column, well within the 
permissible cross-contamination. 

The excellent reproducibility of the elution 
curves in different columns with the same batch of 
resin is shown in Figure 4. Integration of the 
areas under the curves indicate that 96 to 100 per 
cent of the added activity is recovered in the elu- 
ate; these data represent complete recovery to the 
accuracy of these determinations. 

The time necessary for the sodium fraction to be 
eluted from the column after the sodium and po- 
tassium have been added is approximately 3.5 
hours. The first 80 ml. of eluate, including ap- 
proximately 40 ml. of the supernatant fluid origi- 
nally added to the column, is discarded since it 
contains no sodium or potassium. The sodium 
fraction is then collected in the following 120 ml. 
Another 60 ml. of eluting acid is then run through 
the column and discarded since it represents the 
valley between the peaks. The potassium fraction 
may then be recovered quickly in the next 80 ml. 
of effluent by doubling the speed of flow and in- 
creasing the normality of the eluting acid from 
0.26 N to2.6 N. The total time for the separation 
and collection of the sodium and potassium frac- 
tions under these conditions is approximately six 
hours. Once the separation of sodium from po- 
tassium has been effected, the sodium and potas- 
sium eluate fractions are evaporated down to 10 ml. 
and each analyzed for electrolyte concentration and 
radioactivity. These measurements provide the 
necessary data for the calculation of exchangeable 
body sodium and potassium by the isotope dilu- 
tion technique, as will be shown in Part II (2). 


SUMMARY 


A relatively rapid and efficient method for the 
separation of sodium and potassium in serum by 
ion-exchange chromatography has been presented. 
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Various factors affecting the separation of these 
alkali metals by this technique have been discussed 
and illustrative experimental data heve been pre- 
sented. The resin separation of sodium and po- 
tassium is to be utilized in the simultaneous meas- 
urement of exchangeable body sodium and po- 
tassium. 
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A technique based on the isotope dilution prin- 
ciple for the measurement of exchangeable body 
sodium in man has been devised and evaluated by 
Forbes and Perley (1) and Miller and Wilson (2), 
and a similar technique for exchangeable body po- 
tassium has been developed by Corsa, Olney, Steen- 
burg, Ball, and Moore (3). Once the individual 
techniques for the measurement of exchangeable 
body sodium and potassium had been devised, the 
desirability of carrying out these measurements 
simultaneously became apparent because of the im- 
portant biochemical inter-relationships that have 
been pointed out between these two alkali metals 
(4-6). Since the metabolic state of a patient may 
vary considerably during even a relatively short 
period, single exchangeable body sodium and po- 
tassium measurements carried out severa! days 
apart are not a satisfactory substitute for simul- 
taneous measurements. 

Such simultaneous measurements, based on the 
isotope dilution principle, require at present the 
separation of sodium from potassium prior to the 
radioactivity determinations. James, Brooks, 
Edelman, Olney, and Moore (7) have described 
a technique for these measurements in which clas- 
sical chemical methods are used to separate the 
electrolytes. In the present study we have made 
use of ion exchange chromatography (8) for the 
separation. At the outset, our primary concern 
has been with the reproducibility of this technique 
for the simultaneous measurements of exchange- 
able body sodium and potassium in normal young 
adults. 


“Exchangeability” of sodium and potassium 


Twenty-four hours has been chosen by previous 
investigators (1-3, 7) as a satisfactory and con- 
venient equilibration period. Estimated values in 


man indicate that approximately 82 per cent (1) 
of the total body sodium and 90 to 95 per cent 
of the total body potassium (3) are exchangeable 
in twenty-four hours. These measurements must 
be considered as preliminary since their accuracy 
depends on an exact knowledge of rates of elec- 
trolyte exchange in all areas of the body, data 
which are not yet completely available in man. 
In the case of sodium, bone and brain constitute 
areas of slow exchange (1, 2, 9), while in the case 
of potassium, red cell, brain, and bone exchange 
less rapidly than do other regions of the body 
(3, 10). Even though the measurement of ex- 
changeable sodium and potassium of the body 
does not correspond to the total body content of 
these elements, it does furnish an index of total 
body sodium and potassium which probably varies 
directly with total body electrolyte content. 


EXPERIMENTAL METHOD 
a) General outline 


Known amounts of radioactive sodium (Na™) and of 
radioactive potassium (K“) are injected intravenously. 
After a twenty-four hour equilibration period, a blood 
sample is drawn and sodium and potassium radioactivity 
and concentration (i.e., specific activity) of the protein- 
free serum supernatant are determined. We have de- 
scribed in detail in Part I (8) the use of a sulfonic acid 
cation exchange resin, Dowex 50, to effect the separa- 
tion of Na™ and K® in order to measure their radioac- 
tivity separately as is required for these determinations 
by our method. Once the sodium and potassium frac- 
tions are separated, their respective specific activities 
(oa mun.) are determined. The exchangeable body 
sodium a potassium are then calculated from these data 
and from the Na™ and K® activities in a 24-hour urine 
sample according to the following standard isotope dilu- 
tion equation: 

c,-C 
” E = [CE] 
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in which E = amount of exchangeable body electrolyte 

in mEq. 

C; = total amount of injected radioisotope in 
counts per min. 

C,. = total amount of excreted radioisotope (24- 
hour period) in counts per min. 

[Cr] = concentration of radioisotope found in the 
body fluid (serum in our case) in counts per 
min. per liter. 

[E] = concentration of naturally occurring 
electrolyte in body fluid in mEq. per L. 
(C;:]/[E] = specific activity. 


b) Preparation of radioactive material 


Na™ and K® were obtained from the Atomic Energy 
Commission at the Brookhaven National Laboratory in 
the form of the carbonate, converted to the correspond- 
ing chloride salt by the addition of 1 N hydrochloric acid, 
and the solutions adjusted to a pH of 7. These salts were 
in turn diluted in distilled water to a sodium concentration 
of approximately 15 mEq. per L. and to a potassium con- 
centration of about 155 mEq. per L. and assayed for ac- 
tivity against a uranium standard. The radioactive solu- 
tions were then further diluted in isotonic saline for in- 
jection purposes so that the 50 ml. injected would contain 
approximately 125 uc. of Na™ and 250 uc. of K*. The 
cation concentrations of the final solutions for injection 
were approximately 155 and 3 mEq. per L. of sodium 
and potassium, respectively. These solutions were then 
neutralized with 0.1 N NaOH to a pH of 7.4 and sterilized 
in an autoclave. 


c) Preparation of resin 


The Dowex 50 resin, 12 per cent cross-linked, minus 
400 mesh, and in the hydrogen cycle was obtained from 
Dow Chemical Company. Resin columns were made up 
in glass tubing 1.3 cm. in diameter and rested on sintered 
glass filters of medium porosity. The resin was suspended 
in water, poured into the glass column until the particles 
had settled to a height of 8 cm. and then capped with 
glass wool. To insure complete freedom of the resin 
from traces of sodium and potassium all resin columns 
were washed before use with 300 ml. of 3 N hydrochloric 
acid followed by distilled water until the eluate was 
neutral to litmus. By means of this procedure the resin 
could be reused an indefinite number of times, care being 
taken to resuspend the resin and repack the column be- 
fore each separation. 


d) Measurement of radioactivity and electrolyte con- 
tration 


The radioactivity was measured by use of a dip- 
counter described by Solomon and Estes (11) which had 
ben placed in a special stand designed by Dr. C. V. Rob- 
inson. This counter had a glass window thickness of 


1We should like to express our thanks to the Dow 
Chemical Company for their kindness in supplying resin 
and their advice in its use. 
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about 30 mg. per cm®. and could accommodate 8 ml. 
samples. The coefficient of variation of sets of 12 identi- 
ca! samples counted with this equipment was 2 per cent. 
The sodium eluate fraction was counted in duplicate, each 
sample for 10,000 counts, requiring about seven minutes 
apiece. Because of the low concentration of serum po- 
tassium, the potassium fraction was counted to 5000 
counts requiring about 20 minutes. Potassium samples 
were counted in duplicate whenever possible. Duplicate 
standard solutions of Na™ (dilution 5:1000) and K® 
(dilution 1: 1000) were made up from the solutions pre- 
pared for injection. These were each counted in triplicate 
to 10,000 counts each. An end-window Geiger tube (2.5 
mg. per cm’. window) was used for urine counting. All 
data were corrected for background counts, dead time 
loss when necessary, and for radioactive decay. 

Sodium and potassium concentrations in the eluate frac- 
tions were determined in duplicate on a Baird Associate 
Flame Photometer utilizing an internal standard. To 
avoid sodium and potassium contamination, all glassware 
and tubing was rinsed before use with dilute hydro- 
chloric acid and distilled water. Sodium and potassium 
recovery experiments showed that the error of each flame 
determination was of the order of 1.5 per cent. 


e) Injection, and sodium and potassium separation 


Fifty ml. syringes for injection of radioactivity were 
calibrated by weighing the amount of water they would 
deliver and making the appropriate temperature cor- 
rection. All injections were of 50 ml. volume to minimize 
the error of injection which was found to be 0.3 per cent. 
They were administered intravenously via the tubing of 
a 5 per cent dextrose in water infusion. Intravenous in- 
jection through the tubing of an infusion was found to be 
less subject to mishap than direct intravenous injection 
of volumes as large as 50 ml. Approximately 125 uc. of 
Na™ and 250 uc. of K® were injected into the subject from 
separate syringes. 

The whole body radiation resulting from this radio- 
activity computed by the method of Marinelli, Quimby, 
and Hine (12), is 0.45 equivalent roentgens. Since this 
dosage was used twice or, rarely, three times, several 
weeks apart, the total body radiation administered was 
considered within tolerance limits. 

After a twenty-four hour equilibration period, 50 ml. 
of blood was drawn from the subject following an over- 
night fast. All urine passed during this 24-hour period 
was also collected. After the 24-hour blood sample was 
drawn, the serum was separated and the serum proteins 
precipitated with 15 ml. of 10 per cent trichloracetic acid 
(C.P.). The precipitate was then spun down at 1280 G 
for 10 minutes and the clear supernatant added to the 
resin column at a rate of 1.5 ml. per minute. The pre- 
cipitate was then washed with 10 ml. of 10 per cent tri- 
chloracetic acid; after centrifugation, this supernatant 
was also added to the resin column. Twenty-six hun- 
dredths N hydrochloric acid (C.P.) was then passed 
through the column at a rate of 0.74 ml. per min. The 
elutriant was drawn through the column by a pump 
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described in Part I (8) which insured a uniform rate of 
flow through the system. The pump could regulate the 
flow through four columns in parallel, thus making pos- 
sible four simultaneous separations. 

After the initial 80 ml. of eluate had been discarded 
because it contained no electrolyte, the remainder of the 
eluate was collected in three fractions by volume meas- 
urement.2 The first 120 ml. fraction contained the so- 
dium of the serum, the next 60 ml. made up the valley 
between the peaks, while the last 80 ml. contained the 
potassium fraction. In order to collect the potassium 
fraction as quickly as possible, we routinely increased the 
normality of the eluting acid to 2.6 N and doubled the 
rate of flow before eluting the last 80 ml. Under these 
conditions, the total time necessary for collection of all 
samples was approximately six hours. The data given in 
Part I (8) support the choice of these volume relationships 
and show that the curves are regularly reproducible. 

Each of the three fractions was then evaporated down 
to a few ml., made up to 10 ml. with distilled water and 
mixed thoroughly. Eight ml. were then transferred to 
the dip-counter for radioactivity measurements. After 
counting, the same samples were analyzed for sodium 
and potassium concentration by flame photometry. Ini- 
tially, sodium and potassium concentrations were deter- 
mined on all three fractions. No determinations, how- 
ever, other than the sodium analysis of the sodium frac- 
tion and the potassium analysis of the potassium fraction 
are necessary for the calculation of exchangeable body 
sodium and potassium, respectively; the other concentra- 
tion measurements serve merely as checks on possible 
cross-contamination of the samples. Since we have never 
found measurable potassium in the sodium fraction, this 
measurement, along with flame analysis of the valley 
fraction, can be abandoned. Analysis of the potassium 
fraction for sodium is the only determination for cross- 
contamination that need be carried out. 


f) Measurement of excreted radioactivity 


Since the 24-hour urine sample usually contains only 
about 5 per cent of the injected dose of Na™ (1) and K® 
(3), it was not necessary to use the resin column to make 
an accurate measurement of these radioisotopes in the 
urine. For the urine measurements we have made use 
of a differential absorption technique with an aluminum 
absorber as suggested by others (7). Since the beta rays 
of K® are of higher energy than those of Na™,3 the 166 
mg. per cm”. aluminum absorber we utilized transmits 72 
per cent of the radiation from K® and only 21 per cent 


2A simple modification of a two-pan laboratory bal- 
ance made it possible to collect each fraction automatically. 
The collection flask was placed on one pan of the balance, 
and the tares and weights adjusted so that the balance 
would come to equilibrium when the desired volume had 
been collected. A mercury switch which controlled the 
mechanical pump was attached to the cross-beam of the 
balance, so that the circuit to the pump was broken as 
soon as the balance came to equilibrium. 

8 See footnote 1 in Part I (8). 
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of the radiation from Na™. Urine samples were made up 
in triplicate, by evaporating 1 ml. of urine in aluminum 
planchets under an infra red lamp and were counted under 
an end-window Geiger tube with and without the 166 
mg. per cm’. absorber in place and with constant ge- 
ometry. The counting rate of the Na™ and K® in the 
urine samples could be obtained by solving the following 
simultaneous equations : 


(2) S=Na+K 
(3) s=0.21 Na+0.72 K 


where S = counts per min. of planchets without absorber ; 
s=counts per min. of planchets with absorber; Na = 
counts of radioactive sodium; and K=counts of radio- 
active potassium. 

To calculate the total 24-hour urine activity, it is neces- 
sary to correct the end-window counts to dip-tube counts ; 
this is accomplished by measuring the relative efficiencies 
of the two counters for Na™ and K*. The over-all er- 
ror in the urine method is between 3 and 5 per cent which 
is less than 0.3 per cent of the injected dose under all con- 
ditions of urine electrolyte composition. 

The amounts of sodium and potassium lost in feces and 
through the skin (2, 13-16) are so small (totalling about 
0.5 per cent of the injected dose) as not to have any 
significant effect on the body electrolyte measurements 
under most conditions. Under extreme conditions of 
diarrhea or sweating, however, it is possible that signifi- 
cant amounts of radioactivity could be lost via these 
routes. We have made no attempt to correct for this 
small electrolyte loss. 


RESULTS AND DISCUSSION 


Reproducibility of the method 


In order to determine the reproducibility of the 
method, exchangeable body sodium and potassium 
measurements were repeated in the same normal 
young adult subjects at intervals of one to two 
weeks and in two instances several months apart. 
In a single subject, simultaneous measurements 


were made on three occasions. Thirteen simul- 
taneous body sodium and potassium measurements 
were carried out in six patients. The data are pre- 
sented in Table I. It is assumed that these normal 
subjects on normal diets and activities were in 
electrolyte balance during the experimental period. 

The difference between pairs of exchangeable 
body electrolyte measurements are expressed as 
the difference of these measurements from their 
means in per cent of the mean. In the case of so- 
dium, the differences vary from 0.7 to 3.8 per cent 
and in the case of potassium the differences range 
from 0.3 to 2.0 per cent. Coefficients of variation 
for a single determination determined from these 
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TABLE I 


Reproducibility of simultaneous exchangeable body sodium and potassium measurements 








Date 


Differences 
from mean 
as % of 
mean 


Differences 
from mean Exchangeable 
as % of body K 
mean (mEq.) 


Exchangeable 
ody Na 


(mEq.) 





5/8/53 
5/15/53 


3/19/53 
3/26/53 
5/7/53 


4/8/53 
6/10/53 


4/1/53 
4/15/53 


4/8/53 
4/15/53 


5/8/53 
5/15/53 


Coefficient of Variation 


2,978 
2,917 


3,022 
2,853 
2,854 


3,150 
3,105 


1,875 
1,986 


2,139 
2,073 


2,102 
2,068 


+1.0 3,424 +0.9 


3,487 
3,539 
3,430 


3,612 
3,705 


+1.5 


2,161 
2,148 


2,365 
2,274 


2,007 
2,078 


+2.9 


1.5 


+0.8 +1.8 


+2.6% +2.0% 





data are + 2.6 per cent and + 2.0 per cent for the 
exchangeable body sodium and potassium meas- 
urements, respectively, indicating a high degree 
of reproducibility. The predicted standard devia- 
tion of the method as determined from the analytic 
sum of the measured errors of injection, flame 
analyses, and radioactivity measurements is + 2.5 
per cent of the exchangeable electrolyte value, 
agreeing well with the reproducibility observed. 
These figures are in close agreement with those 
obtained by Corsa, Olney, Steenburg, Ball and 
Moore (3) in the single exchangeable body po- 
tassium measurement technique. These investi- 
gators have estimated that a difference of + 4 per 
cent between determinations is significant (ap- 
proximately two times the coefficients of variation 
obtained by us for a single determination). It 
should be pointed out, however, that the coefficient 
of variation for a difference between determina- 
tions is appreciably greater than the coefficient of 
variation for any single measurement, as given in 
Table I. In the present case the coefficients of 
variations for differences are 3.7 per cent for so- 
dium and 2.8 per cent for potassium.* Conse- 
quently, we consider that differences of + 7.5 per 
cent for sodium and + 5.5 per cent for potassium 


* Coefficient of variation (for differences) = 


v(CV)* + (CV)? 


where CV = coefficient of variation for a single reading. 


(approximately two times the coefficient of varia- 
tion for the differences) represent conservative 
valid criteria for significant differences between 
measurements. 


Urinary excretion 


In our normal subjects the 24-hour excretion of 
Na*‘ varies from 3.3 to 11.8 per cent of the injected 
dose with a mean of 6.5 per cent as is shown in 
Table II. The 24-hour excretion of K** varies 
from 2.1 to 7.2 per cent with a mean of 3.6 per 
cent. These values are of the same magnitude as 
those reported previously by others (1-3, 17). 
As these investigators have also noted, the amount 
of Na** and K* excreted in the urine varies di- 
rectly with the total amount of sodium and potas- 
sium excreted, as is suggested by the data in Table 
II where mean excretion values for natural sodium 


TABLE II 


Twenty-four hour excretion of radioactive and natural 
sodium and potassium * 








% body 
Na 


excreted 


% body 
K 
excreted 


Mean 6.5 5.7 3.6 2.5 
Range 3.3-11.8 2.0-9.0 2.1-7.2 1.5-4.2 


% Na™ 
excreted 


% Ke 
excreted 








* Na* and K® excretions are expressed as percentage of 
administered dose while stable Na and K in the urine are 
expressed as percentage of the corresponding exchangeable 
body electrolyte value. These urinary data are derived 
from sixteen combined measurements in eleven patients. 
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TABLE III 


Exchangeable body sodium and potassium of normal young adults 








Age Height Weight 
Subject : 4 (cm.) (Kg.) 


Nae Nae Ke 
(mEq.) (mEq./Kg.) (mEq.) 





180 68.2 
170 68.0 
176 73.4 
170 66.6 
174 72.5 
161 51.6 
153 48.5 
165 51.8 
159 59.2 
165 50.6 
163 58.5 
169 54.9 


A. K. 


3,022 
2,899 
3,105 
2,978 
2,969 
2,002 
1,875 
2,139 
1,999 
2,102 
2,127 
2,626 


44.3 
42.6 
42.3 
44.7 
40.9 
38.8 
38.7 
41.3 
33.8 
41.5 
36.4 
47.8 


3,539 
3,709 
3,705 
3,424 
3,407 
1,994 
2,161 
2,365 


moroesooresessss 
SSSRSSES 





and potassium are expressed as a percentage of 
the exchangeable body sodium and potassium for 
comparison with the Na** and K* excretion data. 
These excretion data indicate a relatively rapid 
equilibration of these radioisotopes with their 
miscible body pools so that excretion of both radio- 
active and stable isotopes parallel each other. 


Normal values 


The data obtained in our group of normal young 
adults between the ages of 20 and 30 years may be 
used for comparison with those of other investi- 
gators. The subjects, chiefly nurses and doctors, 
were on their usual diets and activities during the 
experimental period. The values obtained by us 
are presented in Table III, and are expressed in 





terms of body weight (mEq. per Kg.) in agree- 
ment with the practice of previous investigators 
(1-3, 17). However, when body sodium and po- 
tassium are expressed in this fashion wide ranges 
of normal values are found even within the con- 
fines of a relatively homogeneous group of the 
same sex and age, because of individual variations 
in the body content of fat (electrolyte poor) and 
muscle (potassium rich). Nonetheless it can be 
seen from Table IV that our values in a limited 
series of exchangeable sodium measurements 
(mean values 43.9 mEq. per Kg. for males and 
39.7 mEq. per Kg. for females) and exchangeable 
potassium measurements (mean values 51.1 mEq. 
per Kg. for males and 42.4 mEq. per Kg. for fe- 
males) agree well with those of other investigators, 


TABLE IV 


Exchangeable body sodium and potassium in normal subjects 








Exchangeable body sodium* 
(mEq./Kg.) 


Exchangeable body potassium* 
(mEq./Kg.) 








Investigator Males 


Females Males Females 





Corsa, Olney, Steenberg, Ball, and 
Moore (3) 


Forbes and Perley (1) 41.9 


(32.3-54.1) 


Aikawa, Harrell, and Eisenberg (17) 


Miller and Wilson (2) 43.7 


(39.5-47.9) 


Moore, Edelman, Olney, James, 
Brooks, and Wilson (18) 


Arons, Vanderlinde, and Solomon 


42.1 
(36.1-48.3) 


42.9 
(40.9-44.7) 


46.3 
(37.0-57.1) 


39.5 
(35.7-41.6) 


31.5 
(25.1-35.9) 


42.3 
(39.4-44.8) 
39.6 
(34.4-45.7) 


39.7 
(33.8-47.8) 


46.3 
(35.6-53.6) 


39.0 
(28.0-47.2) 


ot.3 42.4 
(47.0-54.5) (35.5-47.9) 





* Data expressed as mean values with the range indicated in parentheses. 
t These data are also included in the later, more detailed report of Moore et al. listed below. 
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except for Aikawa, Harrell, and Eisenberg (17) 
whose mean value for exchangeable potassium in 
young adult females is considerably and unac- 
countably lower. 

The wide range of normal data for exchangeable 
body sodium and potassium points out the difficulty 
of establishing any single value in a diseased indi- 
vidual as being definitely abnormal for that indi- 
vidual. At present, the most reliable information 
to be derived from exchangeable body electrolyte 
measurements is in patients at the beginning and 
end of periods of observation (such as therapeutic 
periods) so that changes in body composition may 
be interpreted rather than isolated measurements. 

Indeed, in the absence of serial measurements, 
it may well be that the ratio of the exchangeable 
body sodium to exchangeable body potassium will 
provide more significant information in the indi- 
vidual patient at a given time than will isolated 
exchangeable electrolyte values. Thus, the mean 
Na./K, ratios calculated from the data in Table 
III are 0.84 + 0.04 for young adult males and 
0.95 + 0.11 for young adult females. This differ- 
ence, if real, may be explained by the fact that 
males with their greater muscle mass contain rela- 
tively more exchangeable body potassium than so- 
dium. In this respect it is interesting to note that 
a virilized young adult female we studied with an 
adrenal tumor had a “male” Na,/K, ratio of 
0.74 while a debilitated male with polyarteritis 
nodosa had an Na,/K, ratio of 1.7. Further stud- 
ies of body sodium to potassium ratios in disease 
states may provide information concerning the re- 
lationship of these two ions in the body that would 
not be apparent from separate consideration of the 
exchangeable body sodium and potassium. 


SUMMARY 


A simple and efficient method has been pre- 
sented for the simultaneous measurement of ex- 
changeable body sodium and potassium utilizing 
a cation exchange resin for the separation of ra- 
dioactive sodium and potassium in the serum in 
combination with the isotope dilution technique. 
Paired measurements made in normal subjects at 
intervals of one to two weeks and longer have indi- 
cated that the method presented gives reproducible 
results. Exchangeable body sodium and _potas- 
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sium measurements obtained in normal young 


adult subjects correspond well with data acquired 
by other investigators. Because of the wide range 
of normal values, it is suggested that body electro- 
lyte measurements will yield the most accurate in- 
formation when used in a serial fashion to study 
patients and that the ratio of exchangeable body 
sodium to exchangeable body potassium may pro- 
vide a valuable index of body electrolyte com- 
position. 
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Govaerts (1) and Bartram (2) established that 
the diuretic action of organic mercury compounds 
is renal rather than extrarenal. The use of clear- 
ance techniques has further shown that the glo- 
merular filtration rate does not increase in man 
during a mercurial diuresis (3,4). The increased 
rate of water excretion must, therefore, be due 
to diminished tubular reabsorption. 

Attempts to carry the analysis still further have 
led to divergent views. Duggan and Pitts (5) 
conclude that the site of action is in the distal seg- 
ment of the tubule, whereas Mudge, Foulks, and 
Gilman (6) and Weston, Grossman, and Leiter 
(7) believe it is in the proximal segment. In this 
paper we present data which we consider to sup- 
port the former view. 


METHODS 


The subjects were normal male medical students or 
doctors. Except where it is stated to the contrary, the 
subjects came to the laboratory in the morning, having 
taken nothing by mouth since the previous evening. The 
experiments were begun as near 9:30 a.m. as possible. 
Urine was collected at 30-minute intervals by voluntary 
micturition, without a catheter; the collection periods 
were usually reduced to 15 minutes at the peak of the 
diuresis. 

The mercurial diuretic used was Mersalyl, obtained as 
a solid from British Drug Houses Ltd.; unless otherwise 
stated, the dose was 0.2 Gm., which was dissolved in 20 
ml. sterile distilled water and injected intravenously as 
soon as possible after solution. The injection was given 
slowly over a period of 10 minutes to avoid possible toxic 
effects on the heart resulting from a momentarily exces- 
sive blood level of the drug. No theophylline was given 
with these injections. 

During the experiments the subjects sat in a chair or 
reclined on a couch; their activity was restricted to that 
necessary for passing urine. They took nothing by mouth, 
except as stated in the text. Smoking was prohibited. 
The chemical methods used were as follows: Sodium: 
direct reading flame photometer; Chloride: electrometric 
titration (8); Inulin: Harrison (9). 


1 Ernest Hart Memorial Scholar. 


RESULTS 
The effect of Mersalyl in subjects on a normal dict 


Figure 1 illustrates a typical experiment. After 
three preliminary thirty-minute periods, 0.2 Gm. 
Mersalyl was injected intravenously, and it can 
be seen that the urine sodium and chloride con- 
centrations, initially at a level of some 300 mEq. 
per liter, fell sharply to about 150 mEq. per liter 
at the height of the diuresis. Table I shows the 
results of 12 such experiments. In nine of these, 


the effect of Mersalyl was to cause a fall in the 
urinary concentration of both sodium and chloride 
at the peak of diuresis, producing a pattern of 
excretion similar to that shown in Figure 1. In 
the remaining three experiments (R. E. W., 
J. E. G., and E. R. D.) Mersalyl produced the op- 


posite effect. The diureses in the experiments on 


R. E. W. and J. E. G. were irregular and unsatis- 
factory, reaching peak rates of only 3.7 and 5.0 
ml. per min., respectively, and it seems possible 
that some interfering factor was masking the usual 
response. E. R. D. had a satisfactory diuresis, 
but his initial urine sodium concentration was well 
below his plasma sodium level. 

In the four experiments marked with an asterisk 
in Table I, the subjects drank 0.9 per cent sodium 
chloride solution throughout the experiment at 
a rate of 200 ml. per hr. The object of this was 
to increase the subject’s reserves of sodium and 
chloride, in the hope that a more profuse diuresis 
would result when Mersalyl was given. Control 
experiments without Mersalyl had previously 
shown that drinking saline in this way caused no 
significant increase in urine flow even if continued 
for seven hours. No increase in diuresis follow- 
ing Mersalyl occurred, and in fact in two experi- 
ments the diuresis was unsatisfactory; in the 
other two, however, good diuresis with the typical 
concentration changes were observed. It seemed 
simplest, therefore, to group all four experiments 
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The plasma levels of sodium and chloride are indicated by open dotted circles and 


closed circles, respectively. 


with the rest in Table I, since the results seemed to 
show no obvious distinguishing features. 


The effect of Mersalyl in subjects on a diet poor 
in salt 


The marked depression of urine sodium and 
chloride concentrations shown in the experiments 
of Table I prompted us to enquire whether a simi- 
lar effect would be seen if the initial urine concen- 
trations were low rather than high. Accordingly, 
some normal subjects were given a diet supplying 
some 0.5 Gm. of sodium and 1 Gm. of chloride 
daily for two to three days, and then the effect of 
Mersalyl was observed as before. Figure 2 il- 
lustrates a typical result of this procedure. It will 
be seen that the injection of Mersalyl was followed 
by a rise rather than a fall in the urinary concen- 
trations of sodium and chloride. 

The results of seven such experiments are set 
out in Table II. In every case the injection of 
Mersalyl caused a substantial rise in the concen- 
trations of sodium and chloride in the urine. 


Satisfactory diuresis was obtained in every case 
except one (E. R. D.), and even in this instance 
well marked concentration changes were seen. 

It is clear, therefore, from Figures 1 and 2 and 
from the data contained in Tables I and II, that 
the effect of Mersalyl is to raise the urinary con- 
centrations of sodium and chloride if they are low 
initially, and to lower them if they are high. In 
Figures 1 and 2 the plasma sodium and chloride 
levels are also indicated, by open dotted circles 
and closed circles, respectively. In the case of so- 
dium the urinary concentrations at the peak of 
diuresis approached closely to the plasma levels in 
both experiments, whereas with chloride the con- 
centrations tended, not towards the plasma level, 
but towards a figure some 50 per cent higher. 
Similar changes are found in all but three of the 
19 experiments recorded in Tables I and II. This 
aspect of the results has been summarized in Fig- 
ure 3, which indicates the changes in 


urine concentration 
plasma concentration 
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TABLE I 
The effect of Mersalyl on urinary sodium and chloride concentrations in subjects taking a normal diet * 








Urine sodium 
concentration 

(mEqg./L.) Plasma 
sodium 


Initial Peak 


(mEq./L.) 


Urine chloride 
concentration 
(mEq./L.) 


Peak 


Urine flow 
at peak 


Initial (ml./min.) 





152 
143.5 
143.5 
140 
146 
146 
143 
144 
144 
141 
142.5 
142.5 


195 
205 
163 
138 
134 
160 
144 
147 
159 
90 
177.5 
171 


282.5 
180 
229 
277 
190 
193 
166 
114 
172.5 
114 
187 
159 
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* The figures in the columns headed ‘initial’ are the means of the concentration of sodium or chloride in the periods 


(not less than 3 in number) before the injection of Mersalyl. 


The figures in the columns headed ‘peak’ are the concentrations of sodium or chloride in the specimen showing the 


maximum rate of water excretion in each experiment. 


t Subject drank 0.9 per cent sodium chloride solution, 200 ml. per hr., throughout the experiment. 


(U/P ratio) for sodium and chloride. The mean 
of all the sodium ratios at the peak of diuresis was 
0.98, with a standard deviation of 0.25; the cor- 
responding figure for chloride was 1.50, with a 
standard deviation of 0.35. 


The effect of Mersalyl on a maximum water 
diuresis 


These results shed some light on the action of 
Mersalyl on the kidney as a whole, but, as pointed 


out in the discussion, they do not allow a final 
decision to be taken between a proximal or distal 
tubular site of action. It seemed that further evi- 
dence on this point might be obtained in the follow- 
ing way. 

Current theory (based, admittedly, on indirect 
evidence) supposes that the fraction of water reab- 
sorption which is under the control of the anti- 
diuretic hormone of the posterior pituitary is car- 
ried out in the distal tubule. This water reabsorp- 
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Plasma sodium and chloride indicated as in Figure 1. 
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TABLE II 


Effect of Mersalyl on urinary sodium and chloride concentration in subjects taking a diet poor in salt * 








Urine sodium 
concentration 
(mEq./L.) 


Peak 


sodium 
Initial 


Plasma 


(mEq./L.) 


Urine chloride 

concentration 
(mEq./L.) Urine flow 
at peak 

(ml./min.) 


Plasma 
chloride 
(mEq./L.) 


Initial Peak 





110 
134 
135 
125 
122 144 
126 143 
46 142 


143 
140 
139 
144 


122 
156 
149 
136 
140 
132 ; 
56 BS 16. 


99.7 





* The subjects took a diet supplying about 0.5 Gm. sodium and 1 Gm. chloride per day for three days prior to the 
experiments, except in the cases of E. R. D. and I. C. S. N., where the period was two days. 


tion can be suppressed by inducing a maximum 
water diuresis. If Mersalyl inhibits water reab- 
sorption in the distal tubule, then it should be in- 
capable of producing any augmentation of a maxi- 
mum water diuresis. If, on the other hand, it in- 


hibits proximal water reabsorption, it should cause 
a conspicuous increase in urine flow even at the 
height of water diuresis. 

Urine flows of the order of 15 to 18 ml. per min- 








ol 
Fic. 3. CHANGES IN U/P Ratio For SoptuM AND CHLO- 
RIDE IN THE EXPERIMENTS OF TABLES I AND II 


Each oblique line represents a single experiment: the 
point at its left-hand end indicates the U/P ratio before 
Mersalyl was given, and that at the right-hand end the 
ratio at the peak of diuresis. 


ute can be produced without difficulty in most sub- 
jects provided enough water is drunk sufficiently 
rapidly ; but these rates are seldom exceeded, and 
cannot be maintained for more than about an hour, 
no matter how great the intake. Moreover, the 
maximum rate attainable depends on the time of 
day, being greatest in the morning and progres- 
sively less as the day goes on (10). It was, 
therefore, impossible to produce a constant back- 
ground of maximum water diuresis, against which 
the effect of an injection of Mersalyl could be 
presented. Instead, it was necessary to carry out 
two experiments in each subject: a control experi- 
ment, in which the course of the ordinary maxi- 
mum water diuresis, without Mersalyl, was demon- 
strated, and a Mersalyl experiment, in which, at 
the same hour of another day, the ame amount 
of water was drunk and an injection of Mersaly] 
was given. 

The plan of the actual experiments is best seen 
from Figure 4, which shows the results obtained 
in subject C. M. F. At the top of the figure is in- 
dicated the water intake, and it can be seen that 
a peak rate of excretion of 18 ml. per min. was 
reached in the control experiment. In order to 
make the peak of the mercurial action coincide with 
the peak of the water diuresis, the Mersalyl was 
given half an hour before the first water was drunk, 
and in this experiment a peak rate of 18.5 ml. per 
min. was reached. 

Table III shows the results of six such experi- 
ments. It will be seen that in every case Mersalyl 
produced a slight augmentation of the peak rate 
of urine flow ; but this increase was relatively small 
when considered in conjunction with the rates of 
urine flow, and was less than 3 ml. per min, in 
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Fic. 4. Drurests OBTAINED (a) BY ADMINISTERING 
Water ALONE (SEE Upper PANEL) AND (b) ApDMINIS- 
TERING THE SAME AMOUNT OF WATER AND INJECTING 0.2 
Gm. MERSALYL 
The maximum rates of urine flow in the two experi- 
ments are nearly the same. 


every case except one (P. A. O.). Similar results 
have recently been recorded by Capps, Wiggins, 
Axelrod, and Pitts (11). In their experiments, 
and in experiments by other authors using 
Mersalyl, depression of the glomerular filtration 
rate following injection of the drug was occasion- 
ally seen. Had this occurred regularly in our 
subjects, it might have sufficed to mask a proximal 
action of Mersalyl. We, therefore, repeated the 
experiments with simultaneous inulin clearance 
determinations. Figure 5 shows a typical result, 


TABLE Ill 


Effect of Mersalyl on peak rate of water excretion 
during maximum water diuresis 
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Fic. 5. Urtne Flow anp INULIN CLEARANCE IN A 
Pair OF EXPERIMENTS OF THE SAME PLAN AS THOSE IN 
Ficure 4 

The injection of Mersalyl has no discernible effect either 
on the water diuresis or on the inulin clearance. 


and Table IV summarizes the data from five such 
experiments. A conspicuous fall in filtration rate 
following Mersalyl administration occurred in the 
case of J. B., whose diuretic response was unusual 
in that the peak flow with water alone was greater 
than that with water and Mersalyl. In the remain- 
ing experiments changes in filtration were insignifi- 
cant ; the result in the case of W. is almost certainly 
an artefact due to incomplete bladder emptying. 
We conclude that a fall in filtration rate may some- 
times follow the injection of Mersalyl, but that 


TABLE IV 


Changes in inulin clearance during maximum water 
diuresis with and without Mersalyl * 








Mersalyl 


Max. 
urine 


flow Cin 
(ml./min.) (ml./min.) 


Control 


Max. 
urine 


flow Cin 
(ml./min.) (ml./min.) 








Subject 





Maximum rate of urine flow 
(ml./min.) 





Mersalyl 


18.1 18.5 
17.0 19.7* 
9.3 10.1 
16.2 
19.2 
15.5 


Subject Control 


Dak 
“4 





i 


Le 14. 
P. ALO. 1S. 
A. W. 13. 





* Needle slipped out of vein before completion of injec- 
tion. Estimated dose of Mersalyl = 0.145 Gm. 


77 106 
19.1 125 
13.7 117 
14.9 124 
13.9 113 


18.3 110 
15.0 121 
18.0 149 
14.9 134 
16.3t 132 


P. 8.5. 
A. L. 
J. BI. 
3. Ba. 
A.R.W. 





* The figures quoted for each experiment are the maxi- 
mum rate of urine flow reached, and the simultaneous 
inulin clearance during that period. 

t Results of this period probably too high as a result of 
faulty bladder emptying. Figures for preceding and fol- 
lowing periods were: urine flow, 12.0 and 14.6 ml. per min. ; 
inulin clearance, 106 and 106 ml. per min. 
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this is usually so slight as not to affect the argu- 
ment outlined above; on the one occasion (J. B.) 
when a considerable fall occurred, it was accom- 
panied by a conspicuously reduced peak urine flow. 


Effect of simultaneous administration of Mersalyl 
and pituitary antidiuretic hormone 


Capps, Wiggins, Axelrod, and Pitts (11) stud- 
ied the simultaneous effect of mercurial diuretics 
and pituitary antidiuretic hormone, and concluded 
that the latter was able to reverse the fall in uri- 
nary osmotic pressure caused by mercurials. They 
gave Pitressin injections after mercurials, at a 
time when our experience suggests that urinary 
sodium and chloride concentrations are likely in 
the natural course of events to be rising again. 
We have investigated this point by the opposite 
technique, injecting Mersalyl into subjects while 
they were receiving a steady infusion of Pitressin 
(80-120 mU per hr., with priming dose of 200 
mU). 

Some of these subjects were on normal and 
others on salt-poor diets. The results are sum- 
marized in Table V. The existence of an antag- 
onistic effect of the Pitressin is shown by the fact 
that, out of four experiments with normal diet and 
three experiments with salt-poor diet, no diuresis 
was obtained in one and two experiments, re- 
spectively. In those experiments in which a diu- 
resis was obtained, the changes in U/P ratios were 
comparable with those obtained in similar experi- 
ments without Pitressin (compare Figure 3). 
In those experiments in which there was no diu- 
resis, the changes were towards ratios consider- 
ably higher than 1 for sodium and 1.5 for chloride, 
so that the average U/P for the whole series was 


TABLE V 


Effect of Mersalyl on urine flow and U/P ratio for sodium 
and chloride in subjects receiving a continuous 
intravenous infusion of Pitressin 








U/P sodium 
Initial Peak 


1.45 
1.11 
1.23 
1.77 
0.96 
1.90 
1.33 


U/P chloride 
Peak 


2.13 
1.58 
1.84 
2.76 
1.47 
2.56 
2.11 


Urine flow 





Initial 


2.63 
1.62 


Initial Peak 


1.03 4.94 1.8 
1.21 9.66 0.65 
, 13.3 1.42 
: 1.93 1.30 
9.45 0.24 
0.83 0.69 
1.8 0.66 


Subject 








* Salt-poor diet for three days preceding experiment. 
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1.39 for sodium and 2.06 for chloride. Pitressin 
evidently may reduce the response to Mersalyl, 
and when it does so it raises the peak U/P ratios 
for sodium and chloride. 


DISCUSSION 
The site of action of Mersalyl 


Figures 1, 2, and 3 show that the effect of 
Mersalyl is to alter the urinary concentration of 
sodium in such a way that the U/P ratio tends 
towards unity, irrespective of whether it was ini- 
tially higher or lower. Chloride behaves similarly, 
except that the U/P ratio tends towards 1.5. 

In this connection the results obtained by 
Walker, Bott, Oliver, and MacDowell (12) in 
their micro-puncture experiments on mammalian 
kidneys seem to be of great interest. These work- 
ers obtained samples of fluid from the renal tu- 
bules of guinea-pigs and rats, and analyzed them 
for chloride, osmotic pressure and (in two in- 
stances only) sodium, The site of puncture was 
identified subsequently by dissection of the tubule. 
Owing to technical difficulties they were unable 
to obtain fluid from the lower part of the proxi- 
mal tubule, and the observations on distal tubules 
are represented by only three osmotic pressure 
determinations. They were able, however, to ob- 
tain samples from upper proximal tubules on 49 
occasions. They found that the osmotic pres- 
sure of the fluid so obtained was always close to 
that of the plasma, and in two instances in which 
the sodium concentration was determined, this 
also was found to be very close to that of the 
plasma. The chloride concentration of this fluid, 
however, was always higher than that of the 
plasma; samples taken from the middle third of 
the proximal tubule all showed chloride U/P ratios 
of about 1.4, while samples from the first third 
showed ratios which were lower, but tended 
nearer to 1.4, the lower down the tubule the punc- 
ture was made. Nothing is known as to the com- 
position of fluid in the distal third of the proximal 
tubule; in the absence of evidence to the contrary 
it seems likely that the same ratios, 1 for sodium, 
1.4 for chloride, exist there also. 

The urine obtained at the peak of mercurial diu- 
resis in our experiments in man apparently tends 
towards the composition of the proximal tubular 
fluid obtained by micro-puncture experiments in 
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rats and guinea-pigs, at least as regards U/P ra- 


tios for sodium and chloride, and it is tempting 
to suggest that this ‘peak’ urine may represent 
proximal tubular fluid which has been little if at all 
altered in its passage through the distal tubules. 
This might result either from an inhibition of 
distal reabsorption of salt and water as suggested 


by Duggan and Pitts (5) or from diminished salt 
reabsorption in the proximal tubule causing ‘flood- 
ing’ of the distal tubule by proximal tubular fluid 
and masking of its reabsorptive capacity, as is ap- 
parently the case in osmotic diuresis (13). The 
question cannot be settled by the data on U/P ra- 
tios alone, though we feel that the close approach 
to the ideal ratios in some of our experiments 
with relatively small diureses probably favors the 
former hypothesis. Our results, and those of 
Capps, Wiggins, Axelrod, and Pitts (11) show 
that Mersalyl in therapeutic doses does not sig- 
nificantly augment a maximum water diuresis. 
If we assume that the action of pituitary antidiu- 
retic hormone is on the distal tubule, these results 
support the idea that the action of Mersalyl is simi- 
larly located. The results of administration of 
Mersalyl during a Pitressin infusion are too vari- 
able to allow a definite conclusion to be drawn. 
Thus the results reported here, while not in them- 
selves conclusive, add to the evidence favoring the 
view that Mersalyl inhibits reabsorption of sodium, 
chloride, and water in the distal tubule. 


SUMMARY 


1. The injection of Mersalyl into normal hu- 
man subjects caused the U/P ratio for sodium 
to approach 1 and that for chloride to approach 
1.4, regardless of whether the initial urine con- 
centrations were high or low. 

2. Mersalyl was incapable of producing more 
than a slight augmentation of a maximum water 
diuresis. 

3. When Mersalyl was given during an infu- 
sion of pituitary antidiuretic hormone, the results 
were variable. In some experiments, the diuresis 
was suppressed completely; in others a diuresis 
occurred, and the same changes in U/P ratio 
were seen as in experiments without antidiuretic 
hormone. 

4. These results are considered to favor the 
view that Mersalyl inhibits reabsorption of sodium, 
chloride, and water in the distal tubule. 


R. A. DALE AND P. H. SANDERSON 
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It is the usual practice to test the intestinal ab- 
sorption of specific nutrients in man by first feed- 
ing a test dose of the pure nutrient to the fasting 
subject, and then determining in samples of blood 
or urine taken over various subsequent periods of 
time the amount of the nutrient present in the blood 
or excreted in the urine. In the case of vitamin A 
absorption, such tests have been performed either 
to study its assimilation as a vitamin, or as an indi- 
cator substance correlated more or less closely with 
the general absorption of fats. That vitamin A in 
oily solution is absorbed by man in a manner 
closely associated with the absorption of the oil 
in which it is dissolved, most studies would agree 
(1-3). When vitamin A acetate or palmitate or 
natural esters are given, dissolved in oil, the nor- 
mal human subject exhibits an increase in the total 
vitamin A concentration of his blood serum for the 
succeeding 3 to 8 hours. The rate at which the se- 
rum levels rise, and the maximum concentrations 
attained are widely variable; consequently, many 
arbitrary standards for “normal” vitamin A toler- 
ance tests have been set. It is generally agreed 
that the normal human subject should show a rise 
in the serum vitamin A concentration to at least 
four times the fasting level, or to a level greater 
than 100 micrograms per 100 ml. serum, during the 
4 to 6 hours following ingestion of a test dose of 
75,000 to 150,000 micrograms of an esterified form 
of vitamin A in oily solution (2-4). 

In the course of some studies with vitamin A 
tolerance tests, using as a test dose 100,000 micro- 
grams of synthetic vitamin A palmitate in corn 
oil,? 5 of 16 apparently normal subjects failed to 
show any appreciable elevation of the serum vita- 


1 This work was supported by grants from the Williams- 
Waterman Fund and by Hoffmann-LaRoche, Inc. This 
paper was presented in part on October 31, 1953, at the 
26th Annual Meeting of the Central Society for Clinical 
Research (in Chicago, IIl.). 

2 Provided through the courtesy of Hoffmann-LaRoche, 
Inc. 


min A concentrations during the 8-hour period fol- 
lowing the test dose. These subjects had, in ad- 
dition to adequate dietary supplies of vitamin / 
and normal fasting serum vitamin A levels, normal 
serum carotene values, which in our experience 
almost certainly exclude the presence of defective 
fat absorption. Accordingly, further studies were 
carried out to define the nature of this apparent 
absorptive defect. One of the subjects became 
hungry during the test, and was allowed to eat a 
sandwich and drink some coffee. A serum sample 
taken immediately after this meal revealed that 
his vitamin A concentration had increased from 
45 to 350 micrograms per cent in 20 minutes. The 
results of the effects of eating upon the other four 
normal subjects who had failed to show any ab- 
sorption of the test solution when fasting were the 
incentive for a more systematic study. 


METHODS 


1. Vitamin A was determined in small quantities of 
serum by the spectrophotometric method of Bessey, 
Lowry, Brock, and Lopez (5) utilizing the principle of 
destruction by exposure to ultraviolet light of the vita- 
min A present in a xylene-kerosene extract of serum. 
All samples were analyzed in triplicate for both carotene 
and vitamin A, in a Beckman model DU spectrophotom- 
eter, at wave lengths of 460 millimicrons for carotene and 
328 millimicrons for vitamin A. 

2. The test material consisted of clear solutions of 
synthetic vitamin A palmitate in corn oil, containing ap- 
proximately 10,000 micrograms vitamin A per ml. This 
was a very stable product, showing little or no deteriora- 
tion in assayable vitamin A when kept in amber bottles in 
the refrigerator. A single cose of 10.5 ml. of this oil was 
administered by mouth or through rubber tubes as de- 
scribed below. 


PROCEDURE 


1. Of the 16 normal healthy young adults selected as 
controls, eight were males. The five subjects who failed 
to show any absorption of the test dose when adminis- 
tered to them fasting were given a repeat dose one week 
following the first test, and exactly two hours later were 
permitted to eat whatever they wanted, completing the 
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dose, followed by their customary breakfast two hours 
later. Serum samples taken at 0, 120, 150, 180, and 240 
minutes were analyzed for vitamin A and the results 
plotted in Figure 2. 

3. In six of the normal subjects from the first group, 
gastric tubes were passed under fluoroscopic control into 
the third portion of the duodenum. A mixture of 100,000 
micrograms of vitamin A palmitate and 20 ml. warm wa- 
ter was gently emulsified and instilled through the tube: 


z 
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TABLE I 


100 a, ee Results of oral vitamin A tolerance tests in normal subjects, 
ae spi wate using as a test dose 100,000 micrograms synthetic 
Pe sali os 


MICROGRAMS VIT.A PER 100 ML. SERUM 


vitamin A palmitate in corn oil 
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Fic. 1. Orat Vitamin A ToLeRANCE TESTS IN FIVE 
NorMAL SUBJECTS 

On the left are results of administering test dose to fast- 

ing subjects; on the right the same subjects ate breakfast 

at 120 minutes following administration of the test dose. 
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meal within 30 minutes. Blood samples were taken be- 
fore the test dose, at two hours (immediately prior to 
eating), at 150 minutes, at 180 minutes, and at 240 min- 
utes. The results may be seen in Figure 1 and Table I. 

2. A second group of 16 normal control subjects and a ygean values 
group consisting of 32 hospitalized patients not clinically 
suspected of defective fat absorption were given the test 
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In both groups a normal breakfast was eaten at 120 minutes following administration of test dose. 
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INTRADUODENAL ADMINISTRATION OF VITAMIN A IN S1x NoRMAL SUBJECTS 


On the left are results when subjects did not eat following instillation of test dose; on 
the right are results when subjects ate breakfast within 30 minutes following instillation of 


test dose. 


the tube was then withdrawn and serum samples taken 
over the succeeding four hours. This same group of 
normal subjects was then given the same test one week 
later, but this time the subjects were allowed to eat break- 
fast immediately following instillation of the test dose. 
There was a significant increase in the vitamin A ab- 
sorption after eating, as may be seen in Figure 3. 

4. In order to study the effects of an anticholinergic 
agent, four of these subjects then took the test dose orally, 
but 100 minutes later received an intramuscular injection 
of 1.0 mg. atropine sulfate. They ate breakfast twenty 
minutes following this injection, and had the usual blood 
samples taken. Two such tests were carried out in each 
subject. The results of this study are summarized in 
Table II. 

5. In order to test the time relationships involved in 
the taking of food, two subjects with the intraduodenal 
tube in place ate breakfast, then had the test dose instilled 
20 minutes later, after which the tube was withdrawn. The 
same two subjects one week later took the test dose first, 
followed within twenty minutes by the breakfast. To 
assess the effect of the presence of the tube itself, one 
of the subjects kept the tube down while eating his meal, 
and let it remain there during the next two hours. All five 
tests gave essentially the same results. 

6. The same test was given to three subjects who had 


been totally gastrectomized within the preceding six 
months. One subject had an esophagoduodenostomy, two 
had esophago-jejunostomies; the results of all three tests 
were similar, and are recorded in Figure 4. 

7. Sham feeding at two hours following the ingestion 
of the test dose was next tried; the five subjects thor- 
oughly masticated an attractive meal, but expectorated 
all of it without swallowing so much as a drop of saliva; 
two hours later they ate, and retained, a similar meal. 
The results of all five tests are summarized in Table III. 

8. An attempt to exclude biliary and pancreatic juice 
from contact with the test solution was made by “iso- 
lating” the proximal jejunum of two normal subjects be- 
tween two recording balloons; the test solution of vita- 
min A was then instilled into this segment. In the study 
shown in Figure 5A, no absorption from the isolated seg- 
ment could be detected, despite violent increases in am- 
plitude of contractions and in tonus, as recorded by the 
two balloons; in the second part of this study, after a 
meal was taken, the distal balloon was deflated, allowing 
the vitamin A solution in the isolated loop to escape along 
the adjacent jejunum, and some absorption was noted. 
Consequently, the distal balloon was deflated when the 
second subject (Figure 5B) was studied, in both the fast- 
ing and the fed states. 
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TABLE Il 


Studies in normal subjects; one mg. atropine sulfate adminis- 


tered t.m. 100 minutes after ingestion of test 
dose of vitamin A palmitate 








Serum vitamin A concentrations, 
micrograms per 100 ml. 





Subject : a : 
’ Minutes after administration of test dose 





0 100 | 120 
36 | 120 486 | 484 

atr. No.1} 40 | atrop. | 102 : 156 | 170 
atr. No.2 | 32 |atrop.| 36 122 | 430 
M.L. control 38 160 286 | 400 
atr. No.1} 40 | atrop.| 118 236 | 220 

atr. No.2 | 34 |atrop.} 36 52 | 182 
control 44 98 212 | 220 
atr. No.1} 40 |atrop.| 96 230 | 366 
atr. No. 2 | 106 | 220 
control | 38 42 250 | 342 
atr. No.1 | 36 |atrop.| 60 140 | 360 
atr. No.2 | 40 |atrop.| 64 228 | 675 


150 | 180 | 240 


M.M. control 


Food ingestion 


48 |atrop.| 50 


H. W. 


























RESULTS 
In Figure 1 are clearly seen the rapid rises in 
serum vitamin A concentration immediately fol- 


lowing the taking of a meal, in five normal sub- 
jects who had failed to show any absorption when 
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Fic. 4. Orat Vitamin A ToLerANCE CurVES IN THREE 
TOoTALLY-GASTRECTOMIZED SUBJECTS 


A normal meal was given 120 minutes after ingestion of 
the test dose. 
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fasting. The extension of this test to a larger 
number of controls, as seen in Figure 2, seems to 
confirm the remarkable stimulatory action of the 
taking of food upon the level of vitamin A in the 
serum, although in many subjects the levels were 
already rising fairly rapidly prior (1.e., in the se- 
rum sample taken at 120 minutes) to the taking 
of food. In no one of these 48 tests did the serum 
vitamin A concentration fail to reach either a level 
greater than four times the fasting concentration, 
or an absolute value of 100 micrograms per cent 
during the four hours of the test. 

The intubation studies depicted in Figure 3, and 
those described under “Procedure,” paragraph 5, 
show that the effect of food was manifest whether 
the test solutions were instilled prior to eating or 
That the presence of the 
stomach, and presumably of its acid-peptic secre- 
tions, is not requisite for this effect of food is pro- 
vided by the studies on totally-gastrectomized sub- 
jects (Figure 4). 
with sham feeding, which seems to possess stimula- 


following the meal. 


More surprising are the results 


tory powers nearly equal to those of actual food 
ingestion, although the effect is not so prolonged 
(Table IV). 


were designed to prevent biliary and pancreatic 


The studies reported in Figure 5 


juice from coming into contact with the test solu- 
tion, although of course succus entericus could not 
be so eliminated. The administration of atropine 
20 minutes prior to food ingestion had a statisti- 
cally significant effect in delaying by 30 minutes 
the onset of the rapid rise in serum vitamin A 
concentration usually observed after food ingestion 
(Table IV). The maximum serum concentrations 
attained were, however, not markedly different in 
the control and atropinized subjects. 


TABLE III 


Studies with sham feeding 
Serum vitamin A concentration, micrograms per 100 ml., 
obtained in normal subjects 








Minutes after administration of test dose 
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A. (Lert) Stupres witH TripLe-LUMEN TuBE “IsoLaTING” JEJUNUM OF A 


NorMAL SUBJECT 


Test solution of vitamin A instilled at 0 minutes; closed circles represent values in 


fasting subject, open circles in fed subject. 


B. (RicHtT) Stupres witH TripLtE-LUMEN Tuse “ISOLATING” JEJUNUM OF A 
SEcoND NorMAL SUBJECT 


Test solution of vitamin A instilled at 0 minutes; distal balloon deflated in each study— 
fasting (closed circles), and fed (open circles). 


DISCUSSION 


These studies are concerned with the absorption 
of synthetic vitamin A palmitate, a more homo- 
geneous substance than the usual preparations of 
natural vitamin A esters, which contain large 
amounts of vitamin A acetate and variable quanti- 
ties of vitamin A alcohol, both of which may be ab- 
sorbed more rapidly than, or by mechanisms other 
than those involved in absorption of long-chain 
fatty acid esters. In general, the serum vitamin A 
levels in control subjects reported here rise less rap- 
idly and reach lower concentrations than those re- 


ported for studies in which the natural esters have 
been the test solution (2-4). It would be distinctly 
unusual to find 5 of 16 normal subjects exhibiting 
“flat” tolerance tests after a test dose of natural 
vitamin A esters. 

It seems clear from the experiments reported 
above that the act or thought of eating activates 
the mechanisms by which vitamin A enters the 
blood stream, so that the rate at which the vitamin 
A concentration rises may be markedly increased 
within a few minutes. The experiments seem defi- 
nitely to exclude gastric emptying or secretion as 
necessary for this activation; the possible role of 


TABLE IV 


Mean rates at which serum vitamin A concentrations rise following the test dose, 
expressed as micrograms vitamin A per 100 ml. per minute 








Period A 
Fasting 0-120 minutes 
(Mean + S. E. mean) 


Type of study No. of tests 


Period B 
120-150 minutes 
(Mean -: S. E. mean) 


Period C 
150-180 minutes 
(Mean = S. E. mean) 





Control 14 Fasting 


(Table I) 


Sham Feeding 
(Table ITT) 


Atropine 
(Table II) 





0.73 + 0.23 


Fasting 
0.32 + 0.11 


Fasting 
0.35 + 0.19 





During food ingestion 
4.1 + 0.92 


During sham feeding 
3.34 + 0.76 


During food ingestion 
1.43 + 0.42 





After food ingestion 
7.3 + 0.91 
After sham feeding 
1.98 + 0.46 


After food ingestion 
1.66 + 0.46 
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the hormone villikinin in causing the intestinal villi 
to pump fat into the lacteals seems excluded here 
by the studies in gastrectomized subjects, since 
this hormone is postulated to arise from the con- 
tact of hydrochloric acid with the duodenal mu- 
cosa (6). The effects of sham feeding are rea- 
sonably clearcut; that eating and sham feeding 
increase the output of biliary, pancreatic, and en- 
teric digestive juices is quite undeniable (7), but 
the studies with the “isolated” jejunum done here 
suggest that although intraluminal factors must 
govern the absorption of vitamin A from the in- 
testine, they do not necessarily account for this 
sudden rapid entry of vitamin A into the blood 
stream. 

The dose of atropine given in these studies pro- 
duced a definite delay in the onset of the rise in 
serum vitamin A levels, the serum levels for the 
period immediately following eating being statisti- 
cally lower (P < 0.05) than in control studies, 
but all four atropinized subjects did exhibit maxi- 
mal concentrations in the serum within 240 min- 
utes after taking the test dose which were com- 
parable to those in the control studies. Such an 
effect resembles closely that reported by Ingel- 
finger, Moss, and Helm (8) in atropinized sub- 
jects fed natural vitamin A esters intraduodenally. 
Their studies seemed to implicate qualitative 
changes in digestive juices as influencing markedly 
the absorption of natural vitamin A esters from the 
intestine, but they were unable to delineate clearly 
the relative roles of digestive juices, intestinal mo- 
tility, and other unknown factors in the absorption 
of vitamin A. 

The rapidity of the rise in serum vitamin A 
which has been demonstrated in some of these 
cases directs attention to effects of the act or 
thought of eating other than those briefly discussed 
above. It has been known for centuries that the 
lacteals of animals may remain engorged with fat 
for hours after fed fat has disappeared from the 
intestine. A sudden contraction of these fat-filled 
lacteals would be capable of flooding the blood 
stream with vitamin A in a very short period of 
time. There are few data in the literature defin- 
ing the factors which are capable of causing such 
sudden contractions, but it is well-established that 
the parenteral or oral administration of hyper- 
tonic saline has a marked stimulatory effect on 
lymph flow (9). Studies on the flow of thoracic 
duct lymph in experimental animals demonstrate 
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marked variations in the speed and volume of this 
flow, but eating and drinking are usually followed 
by appreciable increases in both modalities (10, 
11). Further studies along these lines are certainly 
indicated. There are many reports in the literature 
which make use of vitamin A test solutions either 
incorporated into or given with meals (3, 12). 
Analyses of the serum vitamin A concentrations 
obtained with such test solutions show them to 
reach higher levels more rapidly than those re- 
ported in subjects given the same test solution 
when fasting. The specific accelerating effect of 
the food or of eating is thus difficult to analyze, as 
compared with the technique adopted in the studies 
reported here, since the maximal stimulus to ab- 
sorption is provided at the very beginning of the 
test, but few or no falsely flat tolerance tests have 
been described when this procedure is followed. 

The clinical usefulness of the vitamin A tolerance 
test as described above, in which a meal is fed 120 
minutes following administration of the test dose, 
seems well established by the results in this labora- 
tory. In 106 tests performed on hospitalized pa- 
tients 13 have failed to show a serum vitamin A 
level greater than four times the fasting concen- 
tration, or failed to reach 100 micrograms per cent 
within the four hours required by this test. All 
13 of these patients have shown significant steator- 
rhea (1.e., fecal fat representing more than 8 per 
cent of ingested fat) on the basis of four-day fat 
balance studies, and many have presented the clini- 
cal stigmata of defective fat absorption as well. 
It would appear that the inclusion of a meal as a 
stimulus is a simple and convenient way of avoid- 
ing the flat tolerance tests which may occur in 
normal subjects. If vitamin A has been absorbed, 
the act of eating should cause most of it to enter 
the blood stream; if it does not appear after such 
a stimulus, one is quite justified in assuming that 
it has not been absorbed. 


SUMMARY 


1. Normal fasting subjects may demonstrate no 
appreciable rise in serum vitamin A concentration 
during the 8-hour period following ingestion of 
the test dose of vitamin A palmitate in corn oil. 

2. The feeding of a meal two hours after the in- 
gestion of the test dose activates the mechanisms 
whereby recently absorbed vitamin A enters the 
blood stream. Studies done on normal and gas- 
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trectomized subjects, with and without eating, cast 
doubt that this mechanism is intraluminal. It is 
suggested rather that the lacteals may be activated 
in some way by eating to expel their contained 
vitamin A into the blood stream. 

3. Sham feeding is almost as effective as food 
ingestion in activating this mechanism. Atropine 
seems to delay the response, but not to prevent its 
occurrence. 

4. Failure of 13 subjects of 106 tested to dem- 
onstrate appreciable rises in serum vitamin A levels 
when fed a meal two hours after ingestion of the 
test dose of vitamin A palmitate was in all cases 
shown to be associated with significant steatorrhea. 
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In the course of study of a series of patients with 
cardiopulmonary diseases of various type and de- 
gree, it was noted that the pulmonary arterial pres- 
sure rose during supine exercise in all instances. 
This rise was observed even in individuals with 
minimal pulmonary involvement and no detectable 
cardiac abnormality. Inasmuch as it has been 
stated that the pulmonary arterial pressure does 
not rise appreciably with mild exercise in subjects 
with normal cardiorespiratory systems (1-3), it 
seemed necessary to re-examine this question. 

It is the purpose of this paper to describe in de- 
tail the pulmonary arterial pressure rise which oc- 
curs in normal man during mild, supine exercise, 
together with certain associated physiological 
changes. 


METHODS 


Five untrained individuals were selected for study 
(Table I). All were considered to be entirely healthy 
by the criteria of history, physical examination, electro- 
cardiogram, and postero-anterior 6 foot chest roentgeno- 
gram. 

The subjects were given .09 gram of Nembutal® orally 
the evening prior to catheterization. The morning of the 
catheterization they were again given .09 gram of Nem- 
butal® orally, and arrived at the laboratory one hour 
later in the fasting state. Pulmonary artery catheteriza- 
tion was performed in the usual manner (4). An in- 
dwelling intra-arterial needle was introduced into the 
brachial artery on the opposite side. All studies were 
carried out with the subject in the supine position. 

The resting cardiac output was then determined by col- 
lection of 6 minute expired gas samples in 100 liter Davol 
Douglas-Type Gas Bags and withdrawal of simultaneous 
blood samples from the pulmonary artery and brachial 
artery. The subjects were then prepared to use an ap- 
paratus designed for exercising in the supine position 
(5). (They had, in each instance, been familiarized with 
the use of the device on the day before.) Exercise stroke 
length was 12 inches, but actual excursion of the weight 
was 6 inches because of the pulley arrangement. A 


1 Aided by a grant from the Life Insurance Medical Re- 
search Fund. 


metronome was used to maintain rhythm. Continuous 
recording of the pulmonary arterial pressure-pulse con- 
tours and the pulmonary arterial mean pressure was then 
begun. While continuous pressure records were being 
made, the patient began to exercise, moving both lower 
extremities synchronously. After a warm-up period of 3 
minutes, expired gas was collected from 3 to 4% minutes 
(designated 3.6 minutes of exercise) together with blood 
samples for determination of the cardiac output. Pres- 
sure recording was then resumed. At 6 minutes another 
collection of expired gas was begun, lasting until 7144 
minutes (designated 6.6 minutes of exercise). Exercise 
was then abruptly terminated. Total exercise time was 
7% minutes in each instance. Continuous post-exercise 
recordings of the pulmonary arterial pressure were made 
for 5 minutes. 

The pressure-pulse contours were recorded with a 
Hathaway Blood Pressure Control Unit and Oscillograph.? 
The pulmonary arterial mean pressure was detected by 
means of a Sanborn Electromanometer and recorded by 
the Hathaway Oscillograph. Recordings were calibrated 
with a mercury manometer after each tracing. The zero 
point for all pressures was 5 cm. posterior to the sternal 
angle of Louis with the patient supine. The pulmonary 
arterial mean pressure as given by the Sanborn Electro- 
manometer was compared in each instance with the 
mean pressure obtained by planimetric integration of the 
Hathaway pressure-pulse contours and found to check 
within 1 or 2 mm. Hg. All pulmonary arterial mean 
pressures given in this paper were detected with the San- 
born Electromanometer. Systolic and diastolic pulmonary 
arterial pressures were obtained by averaging the values 
for one or more complete respiratory cycles. Measure- 
ments of all pressure tracings were rounded to the nearest 
integer, five-tenths having been rounded to the nearest 
even integer. 

Blood samples were analyzed for oxygen content and 
capacity by the Scholander-Roughton syringe method 
(6). Expired gas volume was measured by means of a 
Precision Wet Test Gas Meter. Expired gas samples 
were analyzed for carbon dioxide and oxygen content ® 


2 Type SYBP-1 Blood Pressure Recording System. 

8 Subsequent to this study it was found that the expired 
gas had been permitted to remain in the Davol Douglas- 
Type Bags too long before analysis. The oxygen uptake 
and cardiac output data recorded in this paper have been 
corrected by the application of formulas derived from 
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EFFECT OF EXERCISE ON THE PULMONARY ARTERIAL PRESSURE 


TABLE I 
Five normal human subjects and their work rates 











Bod y A-P 
surface chest Strokes Work 
wasee Height area diameter per rate 
(16.) 


Subject (in.) (sg. m.) (cm.)* minute (ft-lb/min.) 


MJB 160 71 1.91 784 
MM I 150 70 1.83 k 840 
MMH , 103 62 1.43 784 
ELM 8 118 65 1.58 ice h 700 
MES 2 118 62 Fo2 14.5 812 
AVG 784 








* Some investigators working in this field record ‘‘zero”’ pressure in the supine subject at the level 5 cm. posterior 
to the anterior chest wall, while others use the level 10 cm. anterior to the posterior chest wall. Inasmuch as the A-P 
chest diameter is usually not 15 cm., it is obvious that these levels are not exactly equivalent. Pressure differences re- 
sulting from this discrepancy may amount to as much as 5 mm. Hg. 


with the Scholander micrometer gas analyzer (8). Oxy- ute volume of breathing were converted te STPD (0° C., 
gen uptake was calculated from the results of analysis of | 760 mm. Hg, dry) and are given as such in this paper. 
expired gas by means of the standard formula (9). All The ventilation equivalents were obtained by dividing the 
gas volumes including those for oxygen uptake and min- minute volume of breathing (STPD) by the correspond- 
ie aeamiaeas ing oxygen uptake (STPD). Cardiac output was cal- 
experimental analysis of the rates of change of carbon 
dioxide and oxygen concentration in samples of gas per- 
mitted to stand in these bags (7). After derivation, these 
formulas were tested and it was found possible to pre- 
dict initial gas concentrations from final gas concentra- 
tions within the limits of analytical error, when the 
elapsed time is accurately known. It is therefore felt that The resting pulmonary arterial systolic, mean 
the oxygen uptake and cardiac output data given in this and diastolic pressures varied from 17 to 26, 11 


paper are quite accurate, and that the above-mentioned ‘ : 
error in technique does not invalidate the conclusions °° 17, and 8 to 12 mm. Hg, respectively (Table 


drawn from these data. II). The average resting systolic, mean, and 


culated using the Fick principle. 


RESULTS 


Pulmonary arterial pressure 


TABLE II 
The effect of exercise on the pulmonary arterial pressure 








Exercise* Post-exercise* 





Subject 1 


MJB 28 7?nswat 19 
D 17 8 
22 22 22 2 22 13 








26: +2 2 x 22 
12 9 
20 16 


MMH ‘S§ x J ge 4 < i a 3 oh ee 
D 14 ! 5 
20 2 : so 42 


23 2 19 
12 7 
16 10 


26 

k 5 : 12 

M 17 
S 7 21 
D : é 8 
M 14 


Pulmonary arterial pressure 





* Time in minutes. 
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Fig.1. EFFECT OF MILO SUPINE EXERCISE ON THE PULSE RATE. 
Average of 5 subjects 
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Fig.2. EFFECT OF MILD SUPINE EXERCISE ON THE PULMONARY ARTERIAL 
PRESSURE. Average of 5 subjects. 











EFFECT OF EXERCISE ON THE PULMONARY ARTERIAL PKESSURE 


TABLE Ill 


The effect of exercise on oxygen uptake and a comparison of 
values obtained by use of the standard formula 
and by use of an average respiratory 
exchange ratio correction 








6.6 minutes 
of exercise 


3.6 minutes 
of exercise 


By By By 
By mean By mean By mean 
STD factor STD factor STD factor 
formula 1.007 formula 1.01 formula 1.01 


238* 233 504 481 483 468 
234 232 527 513 $10 508 
176 «171 $24 513 489 486 
170 168 512 509 479 482 
176 171 444 475 430 458 
199 195 502 498 478 480 


Rest 





Subject 


MJB 
MM 
MMH 
ELM 
MES 
AVG 








* All values for oxygen uptake are given as cc. per min. 


diastolic pulmonary arterial pressures were 22, 15, 
and 10 mm. Hg, respectively. With exercise the 
same clear-cut pattern of response of the pulmo- 
nary arterial mean pressure was noted in every 
case (Figure 2). Within 15 seconds there was 
a sharp rise, the pressure reaching a peak value 
within 2 minutes and then remaining constant (two 


1025 


instances) or dropping slightly to a level which 
was higher than the resting control value (three in- 
stances). Following the abrupt cessation of ex- 
ercise, there was a prompt fall in mean pressure 
to a level which was less than the resting control 
value. The systolic and diastolic pressures fol- 
lowed the same pattern, with only several minor 
exceptions. 


Oxygen uptake 


The oxygen uptake at rest varied from 108 to 
128 cc. per min. per sq. m. of body surface area 
with a mean value of 120. Assuming a respiratory 
exchange ratio of 0.85, the basal metabolic rates 
were within normal limits in three subjects, and 
slightly low in two. The average basal metabolic 
rate was within normal limits. During exercise 
the oxygen uptake increased from 2 to 3 times. 
In each instance the oxygen uptake at 6.6 minutes 
of exercise was significantly less than that at 3.6 
minutes. 

Table III shows a comparison of oxygen uptake 
values obtained by substituting analytical results 


TABLE IV 
Some physiologic effects of exercise in normal human subjects 








Arterio-venous 
oxygen difference 
(ce./100 cc.) 





Cardiac output and 
cardiac index 
(L./min./m* BSA) 


Stroke output 
and index 
(cc./beat and 
cc./beat/m? BSA) 


Pulse rate 
(beats /min.) 





3.6 6.6 3.6 


Subject Rest min, min. min. 


r 
3 








6.6 3.6 6.6 3.6 6.6 
min. min. min. Rest min. min. 





MJB 4.20 6.75 6.60 7.47 


3.91 


sz 


MM 4.32 6.70 6.35 


-ieipied 
& 60 
on 


3.82 6.35 


4.01 7.36 


3.88 7.65 


Cn AK KA CY 
CF CH NO ON 
ND » oO an 


An NA COO OF 


4.05 6.86 


RP PP VE Sr NA wu 


oo 
Qa 
PSI WON PN MN 


own 


7.32 95 108 110 60 69 66 
3.83 31. 36s 335 


8.04 71 98 94 77 «-80—s 85 
4.39 42 44 46 
95 125 126 48 62 61 

34 43 «643 


109 42 62 60 
27 «39S 38 


117 53 48 48 
35 32 32 


100 =115 


85 117 


89 113 110 56 64 64 


34 39 39 





Minute volume of breathing 
liters) 





Oxygen uptake 


Ventilation 
(cc./min./m? BSA) i 


equivalent 





3.6 6.6 





3.6 6.6 


Subject 


bo] 
8 
oo 


Rest 


125 
128 
123 
108 
116 
120 


msn. min. 


7.92 8.40 
8.50 9.44 
8.58 8.70 
8.75 8.51 
8.32 6.88 
8.41 8.39 


min. min. 


264 253 
288 279 
366 342 
324 303 
292 283 
307 292 





se 2 Go Go ene 
ESESSE 
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for carbon dioxide and oxygen concentrations in 
expired gas in the standard formula (9), and ob- 
tained by the use of an average respiratory ex- 
change ratio correction (3). According to Dexter, 
Whittenberger, Haynes, Goodale, Gorlin, and 
Sawyer (3) it is not necessary to determine the 
carbon dioxide concentration in expired gas in 
order to obtain the oxygen uptake. They used a 
mean correction factor of 1.007 for converting ex- 
pired volume to inspired volume at rest, and a fac- 
tor of 1.01 for exercise. The volume of oxygen 
inspired was therefore calculated as percentage in- 
spired oxygen X volume of expired gas X 1.007 or 
1.01. There is a remarkable similarity of the cor- 
responding individual values and averages for 
rest. For exercise, there are several discrepancies ; 
however, the average values show excellent agree- 
ment. 


Arterial blood oxygen saturation 


The resting arterial oxygen saturations varied 
from 92 per cent to 96 per cent with a mean of 
94 per cent. Samples collected at 3.6 minutes of 
exercise showed a slight increase in every instance. 
The mean arterial blood oxygen saturation at 3.6 
minutes of exercise was 95 per cent. 

Several factors influence the arterial oxygen 
saturation during exercise. Those tending to de- 
crease it are the increased rate of pulmonary capil- 
lary flow, and the decreased venous saturation, 
while that tending to increase it is the increased 
respiratory surface area with its associated im- 
provement of the ventilation-perfusion relationship. 
The latter has the effect of decreasing the slight 
venous admixture which is normally present. Hy- 
perventilation, if present, would represent a sec- 
ond factor tending to increase arterial oxygen 
saturation through increased alveolar oxygen 
pressure. Either or both of these factors tending 
to increase arterial saturation could have been op- 
erative in our subjects. 


Arterio-venous oxygen difference 


The resting arterio-venous oxygen differences 
varied from 3.82 to 4.32 volumes per cent, with 
a mean of 4.05 (Table IV). At 3.6 minutes of ex- 
ercise the arterio-venous oxygen difference had 
increased in every instance (mean 7.07 volumes 
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per cent), The values for 6.6 minutes of exercise 
tend to be slightly less than those for 3.6 minutes. 

The mean value of 4.05 volumes per cent for 
arterio-venous oxygen difference at rest, com- 
pares well with values previously reported (1-3, 
10, 11). Our values have a very narrow range. 
With exercise the arterio-venous oxygen differ- 
ence increased as did the cardiac output. The A-V 
difference exceeded 6 volumes per cent during ex- 
ercise in every case. 


Cardiac output 


The resting cardiac output varied from 2.68 to 
3.22 L. per min. per sq. m. of body surface area, 
with a mean of 2.97 (Table IV). At 3.6 minutes 
of exercise, the mean cardiac index had risen to 
4.36, and at 6.6 minutes the mean value was 4.28, 
a difference which is not significant. 

The mean value of 2.97 for resting cardiac index 
agrees well with published values (12, 13). This 
fact, together with the failure to find low values for 
A-V difference, would seem to indicate that anx- 
iety did not greatly disturb the resting circulatory 
dynamics of our subjects (10). However, the fact 
that three of the five subjects had definitely ele- 
vated resting pulse rates, indicates some degree of 
anxiety. 


Pulse rate and stroke output 


The resting pulse rate varied from 71 to 100 
beats per min., with a mean of 89 (Table IV). 
At 3.6 minutes of exercise the mean pulse rate had 
risen to 113, and at 6.6 minutes it was 110, a de- 
crease which is not significant. The mean pattern 
of response of the pulse rate to exercise (Figure 1) 
exhibits a striking similarity to that of the pul- 
monary arterial mean pressure (Figure 2). This 
pattern may be described as follows: a prompt rise 
in pulse rate following the abrupt start of exercise, 
the achievement of a steady state level, and a 
prompt fall following the abrupt cessation of ex- 
ercise to a level lower than the resting control 
value. 

The resting stroke output varied from 27 to 42 
cc. per beat per sq. m. of body surface area, with a 
mean of 34 (Table IV). At 3.6 minutes of ex- 
ercise the mean stroke index had risen to 39 cc. 
per beat per sq. m., but at 6.6 minutes there had 
been no further appreciable change in any case, the 
mean value having remained 39. 
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In three instances the pulse rate increased rela- 
tively more than the stroke output, in one (ELM) 
the stroke output increased relatively more than 
the pulse rate, and in one (MES) the stroke out- 
put diminished slightly as the pulse rate increased. 
The response of ELM may be explained by the 
fact that this subject had the highest resting pulse 
rate and the lowest resting stroke output, so that 
during adaptation to exercise the stroke output 
changed relatively more. In the case of MES it 


would seem that in response to exercise an ex- 
cessive tachycardia resulted in an actual decrease 
of stroke output. As will be pointed out later, the 
same subject (MES) responded to exercise with 
excessive hyperventilation. 


Minute volume of breathing and _ ventilation 
equivalent 


The resting minute volume of breathing varied 
from 3.22 to 5.24 liters (STPD), with a mean 
value of 4.04 (Table IV). At 3.6 minutes of ex- 
ercise, the mean value had slightly more than 
doubled (8.41 L. per min.), and the individual val- 
ues were all within 0.85 liter of each other. As 
exercise continued, the minute volume remained 
quite constant in two cases, rose slightly in two 
cases, and fell somewhat in one case (MES). 

The resting ventilation equivalent varied from 
1.83 to 2.20 with a mean value of 2.01. At 3.6 
minutes of exercise, the ventilation equivalent had 
decreased in every instance except one (MES). 
All values for 6.6 minutes of exercise showed a 
slight increase (except MES), which in no in- 
stance reached the resting level. This increase 
reflects the uniform drop in oxygen uptake, and 
the unchanged or increased minute volume of 
breathing between 3.6 and 6.6 minutes of exercise. 
Subject MES responded to exercise with exces- 
sive hyperventilation, as shown by an initial in- 
crease of ventilation equivalent and respiratory 
exchange ratio. As the hyperventilation subsided 
from 3.6 to 6.6 minutes of exercise, the ventilation 
equivalent also diminished ; however, the fact that 
the respiratory exchange ratio was still high at 
6.6 minutes is evidence for persistent psychogenic 
hyperventilation. 

The decrease in ventilation equivalent which 
occurs during exercise in normal subjects has 
been emphasized by Baldwin, Cournand, and Rich- 
ards (14). Other workers (15) have noted an 
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initial decrease, followed by a slow increase in ven- 
tilation equivalent as the steady state of exercise 
was approached. They also pointed out that this 
slow increase in ventilation equivalent was the re- 
sult of diminishing oxygen uptake and the tend- 
ency of minute volume slightly to rise. 


DISCUSSION 


Our values for resting pulmonary arterial sys- 
tolic, mean, and diastolic pressures are in close 
agreement with previously published values (1-3, 
12, 13). In each of our five subjects the same 
pattern of response of the pulmonary arterial mean 
pressure to exercise was found: a prompt rise in 
pressure following the abrupt start of exercise, 
the achievement of a steady state level which was 
higher than the resting control value, and a prompt 
fall in pressure, following the abrupt cessation of 
exercise, to a level lower than the resting control 
value. This pattern of response to exercise has 
not been previously described in human subjects. 
On the contrary, it has been stated that the pul- 
monary arterial pressure does not rise appreciably 
with mild exercise in sabjects with normal cardio- 
respiratory systems (1-3). 

Euler and Liljestrand (16), working with anes- 
thetized cats, noted a moderate rise of pulmonary 
arterial pressure during exercise in four of five ex- 
periments. The pattern of change which these 
workers found is identical with that which we have 
described in this paper. 

Hickam and Cargill studied the effects of exer- 
cise on normal subjects in the supine position, and 
concluded that the normal pulmonary vascular bed 
can accommodate a large increase in the rate of 
blood flow with little or no increase in pulmonary 
arterial mean pressure (1). The work rates of 
their subjects were all comparable to those of ours. 
Their data show that in seven exercise studies on 
seven subjects a pressure increase was recorded 
in five instances (2, 5, 2, 2, and 2 mm. Hg, re- 
spectively) and a decrease in two instances (1 and 
2 mm. Hg, respectively). Dexter and his cowork- 
ers, who also studied the effects of exercise on nor- 
mal subjects in the supine position, concluded that 
only at work rates corresponding to oxygen up- 
takes exceeding 400 cc. per min. per sq. m. of body 
surface area does a rise of pulmonary arterial pres- 
sure occur (3). These authors stated that exer- 
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cise, producing an oxygen uptake of less than 400 
cc. per min. per sq. m., was accompanied by in- 
constant changes of pressure in the pulmonary 
artery. Four of their subjects exercised at work 
rates comparable to those of ours, resulting in an 
increase from an average of 133 at rest to 288 cc. 
per min. per sq. m. during exercise, compared to 
an increase for our five subjects from an average 
of 120 to 307. Their data for these four subjects 
show that the pulmonary arterial mean pressure 
increased 4 mm. Hg, which is an increase of ap- 
proximately one-third over their average resting 
control mean pressure of 13 mm. Hg. These au- 
thors (1, 3), using a cautious criterion for eleva- 
tion of the pulmonary arterial pressure, hesitated 
justifiably to conclude that the increases which they 
observed were significant. Although the pressure 
changes which we observed are of the same order 
of magnitude as those referred to above, the 
changes reported in the present study are highly 
significant because of the serial nature of the ob- 
servations. 

It should be emphasized that our study, and 
those of Dexter and his associates, and Hickam 
and Cargill were made on subjects exercising in 


the supine position. Man is almost unique among 
mammals in his preference for the supine rather 


than the prone posture when recumbent. The 
center of mass of the left ventricle is 7 to 10 cm. 
higher, in relation to the center of mass of the 
lungs, in the supine position than when one is 
erect. From this consideration alone, it is obvious 
that the supine position is a very special posture, 
and that our conclusions based on studies of sub- 
jects exercising in the supine position would not 
necessarily apply to exercise in the erect position. 

Riley, Himmelstein, Motley, Weiner, and Cour- 
nand (2) reported the effects of exercise in the 
sitting position on three normal subjects. In five 
trials on three subjects exercising on a bicycle 
ergometer, the pulmonary arterial mean pressure 
decreased four times (7, 5, 1, and 5 mm. Hg, re- 
spectively) and increased once (1 mm. Hg). 
These results are in contrast to those obtained dur- 
ing exercise in the supine position; however, it 
would seem important to confirm these observa- 
tions through further study. 

The pulmonary arterial pressure rise observed 
during supine exercise could be due to either or 
both of the following factors: increased cardiac 
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output or increased total pulmonary resistance. 
Calculations from our data for 6.6 minutes of ex- 
ercise indicate that the observed pulmonary ar- 
terial mean pressure rises were completely ac- 
counted for by the increases in cardiac output in 
every case except one (MJB), where an increase 
of calculated total pulmonary resistance made a 
slight contribution. 

Although the cardiac output during the first min- 
ute of exercise is unknown, it is likely that the 
prompt pulmonary arterial pressure rise following 
the abrupt start of exercise is due to increased 
cardiac output. An increase of total pulmonary 
resistance at that time seems unlikely. The find- 
ing of increases of cardiac output which are rela- 
tively greater than the pulmonary arterial pres- 
sure increases during exercise indicates a de- 
creased total pulmonary resistance. This was 
definitely the case in three of our five subjects 
(MMH, ELM, and MES). In these three sub- 
jects, the pulmonary arterial pressure rose during 
exercise to a peak value, and then descended to a 
steady state level. The two subjects in whom a 
significant decrease of total pulmonary resistance 
during exercise did not occur (MJB and MM), 
failed to show this descent from a peak value. 
The rate of decline of the pulmonary arterial mean 
pressure from its peak to a plateau may be an in- 
dex of the rate at which vascular dilatation occurs, 
and the prompt fall following the abrupt cessation 
of exercise to a level lower than the resting con- 
trol value suggests that the cardiac output de- 
creases more rapidly than the pulmonary vascular 
bed contracts. 

It has been suggested (1, 2) that this fall of 
total pulmonary resistance in association with in- 
creased cardiac output indicates the opening of new 
vascular channels or the further widening of those 
already open. The possibility was considered that 
a rise of left atrial pressure might mask a decrease 
in pulmonary vascular resistance. If the pulmo- 
nary “capillary” pressure accurately reflects the 
left atrial pressure, the data of Dexter and his as- 
sociates (3) would suggest that the left atrial pres- 
sure may rise during mild, supine exercise in nor- 
mal human subjects. 

Comparisons have been made of the pressure- 
flow relationships in the post-pneumonectomy pa- 
tient with those in the exercising normal subject. 
Our finding, that mild supine exercise results in 
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an increase of pulmonary arterial pressure, sug- 
gests that conditions in the resting, supine post- 
pneumonectomy patient are different from those in 
the exercising normal subject. Apparently, the 
acute experiment is not strictly comparable to the 
post-pneumonectomy situation. 

With the degree of exercise employed in our 
study, the oxygen uptake increased from two to 
three times. Although the rate of oxygen uptake 
is an index of the work rate, several factors render 
this index approximate: failure to achieve the 
steady state, qualitative variations in protein me- 
tabolism, and the varying heat equivalent of a unit 
volume of oxygen depending upon the ratio of 
protein, fat, and carbohydrate being consumed by 
the body. Considering both the values for oxygen 
uptake during exercise and the calculated rate of 
performing external work, the exercise done by 
our subjects must be considered mild. 

The use of an average respiratory exchange 
ratio correction factor to obtain the oxygen uptake 
eliminates the necessity for determination of car- 
bon dioxide in expired gas (3). Values for oxygen 
uptake at rest obtained by this method were in 
very close agreement with those obtained by use 
of the conventional formula (9). Values for 
oxygen uptake during exercise, however, showed 
several discrepancies. As expected, the 3.6 minute 
comparisons agreed less well than those for 6.6 
minutes. This is due to the fact that before the 
steady state is approached, there is greater vari- 
ability, and therefore unpredictability, of the re- 
spiratory exchange ratio than after achievement 
of a semi-steady state, when the ratio is more 
nearly equal to the metabolic respiratory quotient. 
In this connection, it should be noted that Lukas 
and Dotter found the respiratory exchange ratio 
of their mitral stenosis patients to be too variable, 
particularly during exercise, to permit the use of 
mean correction factors for adjusting expired to 
inspired air volume (17). 

The observed decrease of oxygen uptake from 
3.6 to 6.6 minutes of exercise (5 per cent) reflects 
the gradual achievement of the steady state. 
Other workers (15) have also found a decrease 
of 5 per cent after the third minute of exercise. 
The difficulty of achieving a steady state during 
exercise, and its importance for the interpretation 
of data obtained during exercise, have been stressed 
(18). The necessity for having achieved the steady 
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state before determining cardiac output by the 
Fick principle has recently been reemphasized 
(19). Significant changes of oxygen uptake, ar- 
terio-venous oxygen difference, and respiratory 
exchange ratio for expired gas between 3.6 and 
6.6 minutes of exercise, indicate, as was antici- 
pated, that our subjects had not achieved the steady 
state by 3.6 minutes. The length of time required 
to attain the steady state during exercise would be 
even greater for more intense work rates, or for 
subjects with cardiopulmonary disease. 

Increased utilization of oxygen by the exercis- 
ing tissues precedes the circulatory and respiratory 
adjustments necessary for increased oxygen sup- 
ply. Bruce and his associates (15) related the 
peak value for oxygen uptake, which occurs by 
the third minute of exercise, to the increasing A-V 
oxygen difference, the result of diminishing venous 
blood oxygen content, due, in turn, to the lagging 
increase of cardiac output. As exercise continues 
and the steady state is approached, oxygen de- 
livery to the tissues comes into equilibrium with 
oxygen utilization. Thus, while work rate and 
therefore tissue oxygen utilization remain con- 
stant, delivery and uptake of oxygen slowly de- 
cline from their peak values, A-V oxygen differ- 
ence slowly decreases, and cardiac output remains 
relatively constant. 

From the foregoing it is apparent that the Fick 
principle was not entirely applicable to the deter- 
mination of cardiac output in our subjects at 3.6 
minutes of exercise. The 3.6 minute values for 
cardiac output are subject to an error, which from 
our data is unpredictable both as to direction and 
magnitude. It would appear, however, from the 
fact that the 3.6 minute values were very nearly 
equal to the values at 6.6 minutes, that the 3.6 min- 
ute values as calculated were slightly in excess of 
the true cardiac outputs. 


SUMMARY 


1. Data regarding the circulatory and respira- 
tory adaptation to exercise of five normal adults 
are presented and their significance is discussed. 

2. The pulmonary arterial mean pressure re- 
sponded in each instance with a prompt rise fol- 
lowing the abrupt start of exercise, the achieve- 
ment of a steady state level which was higher than 
the resting control value, and a prompt fall fol- 





1030 N. B. SLONIM, A. RAVIN, 0. J. BALCHUM, AND S. H. DRESSLER 


lowing the abrupt cessation of exercise, to a level 
lower than the resting control value. 

3. The difficulty with which a steady state of 
the respiration and circulation is reached during 
exercise, and the necessity for having achieved 
the steady state prior to determination of cardiac 
output by the Fick principle, are emphasized. 
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The present report describes disappearance 
curves of I'*!-labeled 1-thyroxine and 1-triiodo- 
thyronine. The radioactive compounds were in- 


jected intravenously in eleven euthyroid subjects, 
and the radioactivity of the serum was determined 
daily for ten to fourteen days. 


MATERIALS AND METHODS 


Eleven clinically euthyroid subjects were selected: two 
medical student volunteers, six patients with neurological 
disorders hospitalized for rehabilitation, one with chronic 
glomerulonephritis, one convalescing from a myocardial 
infarction, and one psychoneurotic patient without detec- 
table organic disease. The serum butanol extractable 
iodines (BEI) of nine of the eleven subjects were within 
the normal range (1). 

I™-labeled 1-thyroxine and 1-triiodothyronine were sup- 
plied by Abbott Laboratories. Upon receipt, the triiodo- 
thyronine was purified of five per cent of contaminating 
thyroxine by paper chromatography with a butanol- 
dioxane-ammonia solvent (2) controlled by radioautog- 
raphy. The lots of radiothyroxine were also chromato- 
graphed but impurities were not removed. 

Patients R. W., I. T., F. M., and R. K., received fif- 
teen drops of Lugol’s solution daily, while patients M. A., 
V. F., M. H., E. K., and O. C. and the normal volun- 
teers were given three drops of saturated potassium 
iodide solution daily for two or more days prior to and 
throughout the course of the studies. Venous blood sam- 
ples were taken ten minutes after intravenous injection 
of 25 to 50 uc. of the radioactive compounds (containing 
1 to 6 micrograms of iodine) and then daily for ten to 
fourteen days. Duplicate 1 cc. aliquots of serum were 
dried in aluminum planchets with 0.1 cc. of one per cent 
detergent solution (Hemosol) to minimize cracking and 
flaking of the dried films. 

Radioactive assay was done in a windowless flow pro- 
portional counter similar to the model designed by Robin- 


1 This work was supported by Contract No. DA-49- 
007-MD-116 issued by the Medical Research and Devel- 
opment Board, Office of the Surgeon General, United 
States Army. 

2 This work was done in part during the tenure of a 
Postdoctoral Fellowship of the National Foundation for 
Infantile Paralysis. 

8 Postdoctoral Fellow of the National Foundation for 
Infantile Paralysis. 


son (3). Corrections for radioactive decay were made 
when necessary. Usually all samples from each patient 
were counted within a few hours after the end of the 
study. 


RESULTS AND INTERPRETATIONS 


The injection of radiothyroxine was followed in 
all instances by a relatively rapid initial fall in 
radioactivity of the serum (Figure 1). This was 
attributed to a distribution phase (or phases) and 
was not subjected to further analysis. After two 
days the serum radioactivity declined more gradu- 
ally, forming a straight line when plotted semi- 
logarithmically. This slow exponential compo- 
nent of the disappearance curve was interpreted as 
the rate of degradation of the administered radio- 
thyroxine or replacement of tagged by untagged 
thyroxine, hence a measure of the turnover rate 
of the hormone. 

From the linear component of the disappearance 
curve extrapolated back to zero time (Figure 1) 
the half-time of thyroxine turnover was obtained 
graphically. The turnover rate was computed 
from the half-time.* These calculations depend 


‘ Calculation of Thyroxine Turnover Data 


(Subject M. A., Figure 1) 
Half-time (ti2) = 5.9 days (obtained graphically from 
of thyroxine linear semilogarithmic plot. Figure 1). 
disappearance. 


100 X In2 100 X 0.693 
tie 5.9 days 
11.7%/day 





Turnover rate (k X 100) = 


expressed as %/day. 

This represents the per 
cent of body’s extrathy- 
roidal thyroxine pool. 


These relations may be derived from the equation for 
the exponential decay : 


A = Aje*t 
where 


A = Radiothyroxine at any time 
Ao = Radiothyroxine at zero time 

t = Time in days 
k = Turnover rate as fraction of the body’s extra- 
thyroidal thyroxine pool turned over per day. 
This is conveniently expressed as per cent per day 
(k X 100). 
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upon the assumption that a steady state existed, 
which appears reasonable in the absence of sig- 
nificant alterations in the clinical condition. 

The kinetic data from thyroxine and triiodothy- 
ronine disappearance curves are listed in Table I. 
Triiodothyronine curves had a shorter half-time 
and faster rate of disappearance (Figure 1) than 
thyroxine. Because of the small groups of pa- 
tients, it is of interest to compare the successive 
studies with 1I-thyroxine and _ 1-triiodothyronine 
performed seven weeks apart in subject R.K. The 
more rapid disappearance rate of triiodothyronine 
is clearly evident (Figure 2). 

The “extrathyroidal thyroxine iodine pool” in 
micrograms was estimated from the quotient, 
total radioactivity injected 
radioactivity per microgram of BEI’ 
the denominator was obtained from the zero time 





KENNETH STERLING, JOYCE C. LASHOF, AND EVELYN B. MAN 


extrapolation which was taken to represent radio- 
activity in serum if distribution had occurred in- 
stentaneously after injection. In the two normal 
volunteers the pools approximated 350 micrograms 
of extrathyroidal thyroxine iodine (340 and 356 
micrograms in W. J. and E. S., respectively). The 
product of these pools and the turnover rates 
(Table I) gave values approximating 40 micro- 
grams of thyroxine iodine secreted and degraded 
daily. 

The estimated pools in the nine hospitalized pa- 
tients were variable; different lots of radiothy- 
roxine gave different values, possibly owing to 
variable amounts of non-thyroxine radioactive or- 
ganic compounds demonstrated by chromatog- 
raphy. Such radioactive contaminants would raise 
the numerator of the above quotient, but if rap- 
idly degraded or excreted, they would not affect 


TABLE I 
Data from disappearance curves of I'*'-labeled thyroxine and triiodothyronine in euthyroid subjects 








Patient 
Compound and 
administered unit No. 


Kinetic data 


micro- Half- Turnover 
grams % time rate 
(normal tise k X100 
3.2-6.4) (days) (%/day) 


BEI 


Diagnosis 





I".tagged W. J. 
I-thyroxine 
E. S. 


R. W. 
39-03-33 


Ey 
5-49-81 


M.A. 
38-69-88 
VF. 
B48561 


F. M. 
39-00-80 


R. K. 
37-77-77 


10.8 
12.4 


Normal volunteer 4.3 6.4 
Normal volunteer 4.1 5.6 


Traumatic myelopathy 5.0 io 9.3 
Paraplegia 


Hemiplegia 5.9 9.5 7.3 


Hemiplegia 6.7 5.9 t key 


Congenital myelopathy 6.0 4 
Paraplegia 
Hemiplegia 39 6.0 
Traumatic myelopathy 4.5 6.1 
Paraplegia 
Mean 6.5 





I'3!-tagged 
1-triiodo- 
thyronine 


R. K. 
37-77-77 


M. H. 
38-35-10 
E. K. 
39-29-24 
O.C. 
39-03-90 


Traumatic myelopathy . 2.4 
Paraplegia 


Myocardial infarction ’ y 3 
Psychoneurosis I 
Chronic glomerulo- 3.2 


nephritis 


Mean 2.6 





* Not determined because of previous intravenous pyelography. 
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the denominator, thus yielding an overestimation 
of the pool. The slow component of disappearance 
should not be significantly affected. The studies 
with the normal volunteers were obtained with a 
lot of radiothyroxine purified by column chroma- 
tography (Abbott Laboratories) and checked on 
receipt for absence of contaminants by paper 
chromatography. 


DISCUSSION 


The “‘extrathyroidal thyroxine pool” is thought 
to represent a first approximation of the protein- 
bound thyroxine mainly in the extracellular fluid 
compartment including the plasma. It is recog- 
nized that there may be an inherent error due to 
inequalities of rates of thyroxine degradation in 
different sites. For example, the liver may re- 
move an excessive proportion of radiothyroxine 
from the plasma prior to distribution in extra- 
vascular thyroxine stores, and this may depress 
the zero time extrapolation value. This error is 
probably small and may be corrected in future 
studies by data on excretion of the radioactive label. 

The distribution of various radioactive thyrox- 
ine preparations after intravenous injection has 
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been the subject of previous work (4,5). In the 
present report no attempt has been made to ana- 
lyze the distribution of administered labeled hor- 
mone into various body compartments or sites. 
The data are recorded simply as disappearance 
curves which exhibit a slow component after dis- 
tribution is complete. The semilogarithmic plot 
of this slow component formed a straight line 
throughout the study which lasted more than twice 
the biologic half-life. The prior administration of 
non-radioactive iodine was intended to minimize 
thyroid uptake and reutilization of radioiodine 
liberated on degradation of the administered la- 
beled hormone. By simple dilution effect, the 
presence of larger amounts of the non-radioactive 
form of the element may be expected to diminish 
the absolute amount of radioactive iodine taken 
up by the euthyroid gland without necessarily in- 
fluencing the output of hormone (6-8). Under 
these conditions, the disappearance curve should 
reflect peripheral degradation of labeled material 
and its replacement by newly synthesized un- 
labeled hormone. The turnover rates computed 
should be equal to the rates of formation and degra- 
dation, which in a steady state are identical. The 
injection of tracer amounts of labeled material 
(containing 1 to 6 micrograms of iodine) would 
not be expected to have an appreciable effect upon 
the subject’s physiologic state or the amount of 
circulating thyroid hormone. 

The validity of the turnover data depends upon 
the further assumption that the administered I**1- 
tagged |-thyroxine behaves in vivo in precisely the 
same fashion as the natural hormone secreted by 
the thyroid gland. Gordon, Gross, O’Connor, and 
Pitt-Rivers (9) have shown that radiothyroxine 
added to plasma in vitro is indistinguishable elec- 
trophoretically from the naturally occurring thy- 
roxine-alpha-globulin complex. On the other 
hand, the data of Myant and Pochin (5) suggest 
possibly significant differences in the distribution 
phase which warrant further study. These au- 
thors suggested that the 80 microgram doses of 
thyroxine may have represented an excessive ad- 
dition to the circulating hormone. 

Biosynthesized hormone was employed in the 
recent paper of Hamolsky, Freedberg, Kurland, 
and Wolsky (10) which reported data on the dis- 
appearance of radioactivity in euthyroid, thyro- 
toxic and myxedematous subjects after intravenous 
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infusion of plasma obtained from thyrotoxic pa- 
tients two to six days after 1'*! therapy. The mean 
half-time in four euthyroid individuals was 55.7 
hours (2.3 days), a much shorter half-time than 
the present mean of 6.7 days. Unfortunately, their 
observations were not extended beyond 70 hours. 
As they suggest, a more prolonged study might 
have revealed a slower component than they used 
in their computations. This could well account 
for the discrepancy. Inspection of the disappear- 
ance curves of the present report show that if no 
points had been obtained after the third day, it 
would not have been possible to plot the slow 
linear component which has been followed for more 
than two half-lives in the present data. A study 
in progress by Berson and Yalow using biosyn- 
thesized hormone but with observations over a two- 
week period (11) has thus far yielded results in 
general agreement with the present findings. 

Since Gross and Pitt-Rivers identified triiodo- 
thyronine in human plasma (12, 13), this com- 
pound has been shown to have a potent calorigenic 
effect in myxedematous subjects (14). In view of 
the observations that it exerts its calorigenic ef- 
fect more rapidly but for a briefer period than thy- 
roxine (15-17), the more rapid disappearance of 
labeled triiodothyronine reported here is not un- 
expected. A comparison of disappearance curves 
of I'*-tagged thyroxine and triiodothyronine has 
been reported (15) in a single treated myxedema- 
tous patient with findings similar to the present 
results in euthyroid subjects. On the basis of such 
data and other evidence (18, 19) it has been sug- 
gested that while thyroxine bound to serum pro- 
tein (alpha-globulin) (9) is the principal form of 
circulating thyroid hormone, triiodothyronine may 
be the active principle which enters the tissue cells, 
and may be formed by peripheral deiodination of 
thyroxine. 

No attempt has been made to estimate a “pool” 
of triiodothyronine in the absence of more definite 
knowledge of its concentration and its significance 
in the serum. The concentration of triiodothyro- 
nine in plasma is unknown, but is probably minute 
(13, 19). Its biologic decay may not be strictly 
comparable to the turnover rate of a predominantly 
extracellular component such as circulating thy- 
roxine. Triiodothyronine has been shown to be 
less firmly bound to serum protein than thyroxine 
(19, 20). This may account for the more rapid 
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disappearance from the serum. The triiodothyro- 
nine disappearance curves and the “turnover rates” 
derived must therefore be viewed as empirical data 
pending further clarification of the role of this 
compound in the metabolism of the thyroid hor- 
mone, 


SUMMARY 


1. Tracer amounts of 1-thyroxine or 1-triiodo- 
thyronine labeled with I'** were injected intra- 
venously in euthyroid subjects. 

2. The subjects received non-radioactive iodine 
during the studies to minimize thyroid uptake 
and reutilization of radioiodine liberated on degra- 
dation of the administered compounds. 

3. Serum radioactivity was measured on blood 
samples drawn ten minutes after injection, and 
daily for two weeks. 

4. There was a rapid initial fall, which was at- 
tributed to distribution of the compound. Within 
two days after injection of radiothyroxine, the se- 
rum radioactivity declined more gradually, form- 
ing a straight line when plotted semilogarithmi- 
cally. This slow exponential component of the 
disappearance curve was interpreted as indicating 
thyroxine turnover, or the rates of formation and 
degradation, which in a steady state should be 
identical. The mean half-time of thyroxine turn- 
over in six subjects was 6.7 days. 

5. The disappearance curve observed after in- 
jection of labeled triiodothyronine was much more 
rapid, with a mean half-time of 2.7 days in four 
subjects. Successive studies with ]-thyroxine and 
l-triiodothyronine in one individual clearly dem- 
onstrated the more rapid disappearance of the 
latter compound. 

6. The interpretation of triiodothyronine disap- 
pearance curves must await further knowledge of 
its concentration in the serum and its precise role 
in the metabolism of the thyroid hormone. 
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The abnormal appearance and number of granu- 
locytes in the various leukemias suggest that 
phagocytosis by granulocytes in all stages of ma- 
turity might be so disturbed that leukemic patients 
might become more susceptible to bacterial infec- 
tions than normal persons. Phagocytic activity 
among immature granulocytes is only slight but 
increases with maturity and becomes prominent 
among metamyelocytes and mature leukemic neu- 
trophils (1-4). It has not been established, how- 
ever, whether mature leukemic neutrophils are 
equal in phagocytic activity to normal mature neu- 
trophils. Such a comparison has been attempted 
by Hirschberg (5) who concluded that the ma- 
ture neutrophils in leukemic blood displayed less 
phagocytic activity than mature neutrophils in nor- 
mal blood. Her results are open to question, how- 
ever, because comparisons were made between 
phagocytic systems which were not uniform with 
respect to: 1) The number of phagocytes per unit 
volume ; 2) quantity of opsonin; and 3) character 
of suspending menstruum. She also neglected to 
take into account the possible effect of antileukemic 
treatment on the phagocytic properties of leuko- 
cytes. 

In the present study, the activity of mature leu- 
kemic granulocytes was measured in two ways: 1) 
Suspensions of leukemic and suspensions of nor- 
mal leukocytes, containing approximately equal 
numbers of mature granulocytes, were inoculated 
with opsonized type II pneumococcus and the 
phagocytic activity of leukemic granulocytes was 
compared with that of normal granulocytes. 2) 
Heparinized leukemic blood was divided into two 
portions and the buffy coat removed from one to 
lower the count of mature neutrophils to normal 


1 This investigation was supported (in part) by a re- 
search grant from the National Cancer Institute of the 
National Institutes of Health, Public Health Service. 

2 Present address: Department of Internal Medicine, 
Southwestern Medical School of the University of Texas, 
Dallas, Texas. 


levels; each portion was inoculated with patho- 
genic staphylococci and the number of culturable 
staphylococci were counted before and after six 
hours’ incubation. 

The simultaneous performance of these two 
tests on specimens from a given patient provided 
information not only on the action of single ma- 
ture granulocytes in a standardized menstruum, 
but also on the collective action of leukemic leu- 
kocytes in their own blood. Observations were 
also made: 1) On the effect of antileukemic therapy 
on phagocytosis by neutrophils; and 2) on the in- 
cidence of bacterial infection in the patients whose 
leukocytes were examined. 


METHODS AND MATERIALS 


1. Clinical material. Patients were studied at the Uni- 
versity Hospital or the Simpson Memorial Institute of 
the University of Michigan. The diagnosis of leukemia 
was established in each case by staff members of the 
Simpson Institute through laboratory examination of 
peripheral blood and bone marrow and clinical examina- 
tion of the patient. The number of cases of each type of 
leukemia and the treatments are listed in the protocol. 
Roentgen irradiation was administered at the University 
Hospital under the supervision of Dr. Isadore Lampe. 

Freshly drawn samples of venous blood obtained from 
these patients were divided into two portions. One portion 
was used to provide leukocytes for the test with opsonized 
pneumococci and one portion was inoculated with patho- 
genic staphylococci as described below. 

2. Measurement of leukocyte activity in a standard 
phagocytic system. Leukocytes from patients with small 
buffy layers and from normal persons were separated 
from fresh venous blood (containing heparin 0.5 mg. per 
ml. as anticoagulant) by permitting the erythrocytes to 
sediment at 37° C. for 30 minutes in a glass tube tilted at 
60 degrees; then the supernatant plasma was removed 
with a warm sterile pipette. Supernatant plasma ob- 
tained in this way usually contained at least as many 
leukocytes per cu. mm. as existed in the whole blood, but 
almost no erythrocytes. Sometimes it was necessary to 
centrifuge the supernate or the blood itself at 500 r.p.m 
for 5 minutes to remove the erythrocytes. The leukocytes 
were sedimented only slightly at this speed. At first, 
only siliconized glassware was used, but later it was 
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TABLE I 


Antibacterial action of leukemic whole blood and of suspensions of leukemic leukocytes from patients with 
chronic granulocytic leukemia * 
CHRONNC GRAWULO’YTIC LEUKEMIA 
PERIPHERAL BL000 RINGEKS SUSPENSION OF LENROCTIES 


AVPMORIMATECT #,0UU MATURE 
WOUTHOPHILS (BANUS ANU SESS) 
veR MMS 





OIFFERENTIAL 





MATURE CULTURAHLE vER CENT OF 
NAME S$) 6] t | O} NiurRo. | STAPHYCOLOC SE MATUKE AVERAGE NIMBER 
AGE PHILS (LOLONTLS NLUTROPHILS OACTFMIA PEM 
OURATION PER PLR ML.) PHAGOCTIOSING PMAGOLYTIC CALE 
PHEUMOCOCEE 


TREATMENT 





AFTLR 





BEFORE 
HOURS PATIENT) CONTROL PATIENT | CONTROL 








. 80 ' 7.0 10.5 X-Rey to spleen 
3/24/53 105,000 | 16,800 106 iu 00 See St. S Sete 





> . 3rd dey of A-Rey 
3/27/53 . 160,000} 18,000 | 3,600 25 100 to epicen 





4/2/53 . 125,000] 18,600 e468 78 x z | week efter K-Rey 

Sustgined responses 
3/19/53 . 4,000] 22,000 | 4,400 ogg given July 
1952 when WBC wee 
99 ,000 








4/24/53 240,000 1,560 x . None 





4/29/53 130,000 694 Urethane eterted 4/28/53 
$/5/53 255,000 646 ‘ | week of urethane 


$/ti/s3 . 230,000 32 . e Urethane stopped 
preceding day 











12/18/52 275,000 i 
12/23/52 140,000 7 032 on 12/17/52 
1/12/83 . 49,000 p32 July, August, 
October, en 
December 1952 
2/9/53 92,000] 18,000 688 9.6 ’ p32 this dete 


4/10/53 . $0,000] 18,600] 1,640 5.0 Totel body 
irradietion 
3/30/53 to 4/10/53 


2/20/53 . 15,000] 20,600 |12,000 : Wo recent treatment 
3/6/53 . 9,000! 22,000] 6,200 




















X-Ray to epleen 
2/20/53 to 3/6/53 
(6 wh.) 





1/12/53 300,000] 13,680 : ena 
1/14/53 iy 400,000] 19,600 








3/31/53 6,100} 18,000 





Received IU & 
4/29/53 ‘ 115,000] 18,800 . TEM on day before 


tests 





3/20/53 $1,000] 20,160 : ‘ p32 3/19/33 





6/12/52 14,900 é > P32 1/14/52 





7/7/52 . Mo recent therapy 





% .0 Total bedy X-Ray 
Wits/S2 : eterted 7/9/52 





“ eiving totel 
9/16/52 , ‘ 10,360 X-Ray 9/10/82 
to 8/20/58 


e@iving totet 
y X-Ray 





9/25/52 28,080 





10/3/52 : 28,000 





a TEM S ag. Gell 
1/26/52 . July 24, 25, 26, 
1958 





10/16/52 45,000} 25,8600 
42/15/52 410,000] 21,600 





Receiving totel 

body X-Ray sterted 

on 12/10/52 

1/30/53 102,000] 22,000 x Z No trestment - lest 
feted 





ore 





2/4/53 . 120,000} 16,000 
3/17/53 162,000] 186,240 a é X-Ray therepy to 

Rt. humerus 
24114354 








3/19/53 . 97,000} 17,800 X- “ 
sterted p louse dey 


3/31/53 . 12,700} 19,800 ° . K-Ray to spleen 
completed | week 
previousty 
10/13/382 ° 430,000} 10,800 P32 9/5/52 


10/15/52 81,000} 16,000 











Tém 3 + F thie date, 
etso 10716/52 
end 10/17/82 





10/21/32 . 65,000] 24,600 
12/4/82 ° 27,000} 28,000 p32 12/3/82 








41/24/52 ° 46,000} 24,240 None 





12/2/82 50,000 re =tbee\ urethane 
3 gm. daily 





2/4/33 3 $2,000 
9720752 : “148, 860) Sons 


10/27/82 . 16,000 P32 on O/2i752 aia 
3/11/83 33,000 


Receiving urethane 




















A-Rey to epieen 
2/27/53 to 3/6/83 





$/29/52 48,000) a-Rey to n 
4/10/32 to 4/16/82 
























































* Whole bloods were inoculated with pathogenic staphylococci, and leukocyte suspensions with opsonized 
type 2 pneumococci (S = segmented neutrophils, B = band neutrophils, I = immature neutrophils, O = leuko- 
cytes other than neutrophils; S/B = ratio of segmented to band forms.) 
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found that comparable results were obtained with ciean 
glassware which had not been treated with silicone. 
Leukocytes from patients with high counts were easily 
separated by pipetting the thick buffy coat from hepari- 
nized venous blood. The plasma suspensions of leuko- 
cytes were centrifuged at 1,000 r.p.m. for 5 minutes. 
The supernatant plasma was then removed and replaced 
by Ringer’s solution containing 0.5 mg. heparin per ml. 
The Ringer-heparin solution was added in amounts neces- 
sary to give a final count of approximately 8,000 mature 
neutrophils per cu. mm. No attempt was made to re- 
move the immature neutrophils also present in the sus- 
Mature neutrophils were defined as band forms 
and segmented forms. Immature neutrophils were de- 
fined as metamyelocytes, myelocytes, progranulocytes, and 
myeloblasts. All cells were identified according to the 
criteria reported by the committee for clarification of the 
nomenclature of cells (6). 

A type II pneumococcus, highly virulent for mice and 
containing a large capsule rendering it resistant to 
phagocytosis in the absence of specific opsonin in vitro, 


pension. 
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was subcultured on rabbit blood-agar plates. At the 
time of each test, freshly grown cultures of the pneumo- 
coccus were removed from the surface of the plate with 
a platinum wire and the bacteria suspended in Ringer’s 
solution to give a density equal to that of the No. 1 tube 
of the MacFarland nephelometer. The pneumococcal 
suspension was distributed in 0.1 ml. quantities among 
six glass test tubes measuring 15 X 100. Rabbit sera 
containing high titers of specific type II pneumococcal 
antibody were used to opsonize the pneumococcus by add- 
ing 0.02 ml. of antiserum to each of two tubes containing 
pneumococcal suspension. Pneumococci in two other 
tubes were similarly treated with antiserum diluted in 
Ringer’s solution; those in the other two tubes with nor- 
mal non-immune rabbit serum. The dilute antiserum was 
used to cover the possibility that diminished phagocytic 
activity of leukemic cells might not be apparent in the 
presence of excess antibody. The mixtures of serum and 
pneumococci were incubated in a water bath at 37° C. for 
30 minutes. Then 0.1 ml. of leukemic cells suspended in 
Ringer’s was added to one of each of the three pairs of 


TABLE II 


Antibacterial action of leukemic whole blood and suspensions of leukemic leukocytes from patients with acute and sub- 
acute granulocytic leukemia * 


ACUTE AND SUBACUTE 


GRANULOCYTIC 


LEUKEMIAS 





PERIPHERAL BLOOD 


RINGERS SUSPENSION OF LEUKOCYTES: 
APPROXIMATELY 8,000 MATURE 
NEUTROPHILS (BANDS AND SEGS) 
PER MM 





Differential 
NAME Cc $ 18 ' i) 
AGE 

DURATION 


CULTURABLE 

STAPHYLOCOCC! 
(COLONIES 
PER ML.) 








AFTER 
HOURS 


BEFORE 


PER CENT OF 
MATURE 
NEUTROPHILS 
PHAGOCYTOSING 
PNEUMOCOCC! 


TYPE OF 
GRANULOCYTIC 
LEUKEMIA 


AVERAGE NUMBER 
BACTERIA PER 
PHAGOCYTIC CELL 
TREATMENT 





PATIENT | CONTROL | PATIENT | CONTROL 





7/5/52 


75 82 





3/6/53 22,200 


92 





3/5/53 20,000 





11/15/52 





3/24/53 





3/19/53 


Cortisone 





3/31/53 20,400 





8/15/52 


ACTH 25 mg. 
for 2 days 





10/13/52 8,500 18,000] 4,800 


None 





10/15/52 10,000 | 29,000} 6,000 


None 





10/21/52 6,000 24,880 }14,400 


None 





FH. 2,400 
76 


6 mo. 


10/23/52 11,500 | 24,000 





P.C. 17,600 
58 


7 mo. 


7,900 | 28,000 








F.C. 17,600 
$9 


| 
{ _' mo. 


1/26/53) 145. 2 91 4,600 | 24,000 
































= 





Cortisone 
75 mg. - 6H 























* (S.A. = Subacute, SL = Subleukemic ; abbreviations of cells same as Table I; L = Lymphocytes). 
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TABLE Illy 


Antibacterial action of leukemic whole bloyd and suspensions of leukocytes from patients with chronic lymphocytic 
leukemia * 


CHROWIC 


LCYMPHOCYTIC 


LEUKEMIA 





PERIPHERAL BLOOD 


RINGERS SUSPENSION OF Leunocrtes: | 
APPROXIMATELY 8,000 MATURE 
NEUTROPHILS (BANDS ANO SEGS) 
PER MM 





MATURE 
NEUTRO- 
PHILS 
PER 
mia3 


CULTURABLE 
STAPHYLOCOCCI! 
(COLONIES 

PER 


ML) 


NAME 
AGE 
DURATION 


PER CENT OF 
MATUR 


NEUTROPHILS 
PHAGOCYTOSING 
PNEUMOCOCC! 


AVERAGE NUMBER 
BACTERIA PER 
PHAGOCYTIC CELL 


TREATMENT 





AFTER 
BEFORE 6 
HOURS 


PATIENT) CONTROL | PATIENT | CONTROL 





11/21/82 26,400] 13,200 


8S 46 : 2.2 





4/24/53 23,400) 16,800 


12 X:Ray to spleen 4/23/53 to 5/5/53 





12/2/52 


23,400 





3/5/53 14,400 
4/17/53 


18,600; 6,600 


7.2 


Receiving X:Rey to nodes 41/3/52 
to 12/13/52 





XK: Ray to regional node 2/23/53 
to 3/5/53 
6 weeks after compietion of K:Ray 





3/31/53 17,000} 9,600 





3/3/53 19,600] 8,160 


X:Ray to nodes 2/25/53 to 3/9/53 





12/1/52 2,640 


— 


None within 6 months 





4/21/53 14,994 



































Total body X:Rey 4/17/52 to 
4/25/52 




















* Abbreviations same as Tables I and II. 


TABLE Iv 


Antibacterial action of leukemic 


whole blood and suspensions of leukocytes from patients with acute and subacute 


lymphocytic leukemia * 


ACUTE AND SUBACUTE LYMPHOCYTIC AND MONOCYTIC LEUKEMIA 


: Mature neutrophils 


: Monocytes 





PRERAL BED OS 


Promonocyte: 
Blests 


RINGERS SUSPENSION OF LEUKOCYTES: | 
Lymphocytes 


APPROXIMATELY 6,000 MATURE 


NEUTROPHILS (BANOS AND SEGS) Rnumend hfe 
PER MM 











MATURE 

NEUTRO- 
PHILS (COL 
reg PER 
MM 


NAME 


AGE 
DURATION 


CULTURABLE 


PER CENT OF 


STAPHYLOCOCCI 
ONIES 


ML.) 





BEFORE 


AFTER 
HOURS 


MATURE 
NEUTROPHILS 
PHAGOCYTOSING 
PNEUMOCOCC! 


AVERAGE NUMBER 
BACTERIA PER 
PHAGOCYTIC CELL 


TYPE OF 
LEUKEMIA 


TREATMEN 





PATIENT |CONTROL 


PATIENTI CONTROL 





4/18/53 18,000 


21,600 


100 
Promon. 
active 


Acute 
Monocytic 





4/17/53 12,000 


9,600 


0 
Promon. 
active 





4/29/53 


0-Promon. 
active 





5/5/53 


Subacute 
Subleukemic 
Monocytic 





9/26/53 


Acute 
Subleukemic 
Monocytic 





4/10/53 


Subacute 
Subleukemic 
Lymphocytic 





12/23/52 




















Subacute 
Subleukemic 
Lymphocytic 
































tubes and 0.1 ml. of normal cel! suspension to each of the 
corresponding three tubes. All tubes were sealed with 
paraffin and the mixtures of leukocytes and opsonized 
pneumococci were rotated in a machine at 6 r.p.m. for 15 
minutes. The tubes were opened and a drop of the con- 





tents spread on a glass coverslip. 
stained with Wright’s Stain, and mounted on a glass slide. 


Phagocytic activity was determined as follows: 





The film was dried, 


Approximately 100 mature neutrophils were counted; 
the number which had ingested pneumococci were re- 
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corded and subsequently referred to as “Per cent phago- 
cytosis.” The total number of intracellular pneumococci 
were also counted and the average number of pneumo- 
cocci ingested were recorded for those cells which con- 
tained intracellular organisms. Results in Tables I, II, 
III, and IV are given for undiluted opsonin because the 
results with diluted opsonin were confirmatory. 

3. Measurements of the antibacterial action of whole 
leukemic blood. The purpose of this experiment was to 
determine the capacity of whole leukemic blood inoculated 
with pathogenic staphylococci to lower the bacterial count 
after 6 hours incubation at 37° C. Pathogenic staphylo- 
cocci were selected as the test organism not only because 
they produced most bacterial infections in leukemic pa- 
tients, but also because they multiplied rapidly in fresh 
plasma or in leukocyte-free whole blood incubated at 
37° C. Although this test has been regarded as a meas- 
ure of bactericidal activity, it has been demonstrated that 
the decrease in number of bacterial colonies results from 
phagocytosis and intracellular clumping, rather than 
from killing of staphylococci (7). When leukemic or 
normal phagocytes are disrupted with distilled water or 
by raising the pH above 10, the dispersed cocci grow 
separately instead of in clumps and the number of col- 
onies increases greatly in the agar plates. The alkaline 
pH also breaks up the extracellular clumps of coagulase 
positive staphylococci which are present in plasma. 

The strain of staphylococcus (B) used in all experi- 
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ments had been isolated from human empyema fluid. It 
clotted human plasma, clumped instantly in fibrinegen 
solution, and on blood agar produced hemolysis and a 
golden yellow pigment. It was maintained in a smooth 
phase by frequent subculture on blood agar. For routine 
tests, the staphylococci were grown for 18 hours in tryp- 
tose phosphate broth and then resuspended in saline to 
give a density equal to that of the No. 1 tube of the 
MacFarland nephelometer. The suspension of staphylo- 
cocci was then diluted in saline either to 10“ or 107 de- 
pending on whether heavy or light inoculums were de- 
sired. Because of the large errors involved in reaching a 
given dilution by pipetting, numbers of bacteria were 
selected for inoculation that could be counted in agar 
plates without serial dilution. 

Leukemic whole blood used in these experiments was 
part of that drawn to provide leukocytes for the stand- 
ardized phagocytic system in Section 1 and permitted 
simultaneous performance of both procedures on aliquots 
from the same sample. The portion used for inoculation 
with staphylococci was divided into equal aliquots ; the leu- 
kocyte count was lowered considerably in one of the ali- 
quots by pipetting off the buffy coat. Two and one half ml. 
of blood with buffy coat intact and 2.5 ml. of blood with 
buffy coat removed were each inoculated with 0.5 ml. of 
staphylococcal suspension and incubated for 6 hours at 
37° C. in tubes measuring 38 X 180 mm. The tubes were 
not agitated because it was found that agitation for a 


TABLE V 


Antibacterial action of leukemic whole blood measured by its ability to reduce the number of 
culturable staphylococci (coagulase positive) during 6 hours incubation: Effect of 
lowering to approximately normal the numbers of mature granulocytes by 
removing the leukemic buffy coat (Compare with Table VA which 
gives results for normal blood) 





NUMBER MATURE 
; GRANULOCYTES 
Patient 


STAPHYLOCOCC! CULTURED BEFORE AND AFTER 6 HOURS 


INCUBATION IN LEUKEMIC WHOLE BLOOD 
(COLONIES PER ML.) 





(SEGS. AND BANDS) 
PER MM3 REMOVED 


LARGE !NOCULUM SMALL INOCULUM 





BEFORE 


AFTER 6 HOURS BEFORE |AFTER 6 HOURS 





R. F. 160,000 no 
3/24/53 7,000 yes 
ie) Plasma 

4/2/53 125,000 no 
9,000 yes 
Plasma 


18,000 
22,000 


18,600 
16,400 16 
20,000 


3,600 
26,000 


790 8 
712 810 
840 9,600 


1,170 10 
546 650 


828 


,800 
innumerable 





- d. 275,000 no 
2/15/52 6,500 yes 
Piasma 


21,000 
30,000 
unable 


516 
1,058 
cell-free 


10 
1,640 


to obtain plasma 





46,000 no 
10,500 yes 
Plasma 


Ls. &, 
11/24/52 


24,240 


6,600 


1,376 
20,800 


1,440 
1,200 





162,000 no 

4,200 yes 
Plasma 

12,700 no 

4,000 yes 
Plasma 


M. L. 
3/17/53 
3/31/53 


970 
21,000 





15,000 no 
5,700 es 


a. A. €. 
2/20/53 y 
Plasma 





300,000 no 
26,000 es 


M. P. 
1/12/53 y 
Plasma 














unable 


28 


cell.free plasma 
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TABLE VA 


ABLE RMA AUR SAO ASE 
DURING 6 HOUR INCUBATION 


STAPHYLOCOCCI! CULTURED BEFORE AND AFTER 6 HOURS 
INCUBATION IN NORMAL WHOLE BLOOD OR PLASMA 
(COLONIES PER ML.) 

LARGE INOCULUM SMALL INOCULUM 


BEFORE | AFTER 6 HOURS BEFORE | AFTER 6 HOURS 


ITY 


LITY YO 
COAGULASE POSITIVE 








NEUTROPHILS 
PER MM3 








5,500 
te) 


24,000 


3,880 


840 
768 


S2 
6,960 





5,000 
0 


20,400 


6,600 


1,096 


130 





4,500 
0 


18,000 


6,240 


912 
1,152 


224 
22,000 





6,500 
0 


17,600 
10,000 


3,400 
40,000 


260 
364 


24 
9,840 





4,500 
0 


21,000 


10,200 


456 
232 


120 
9,000 





5,500 
0 


24,400 


10,320 


1,440 


24,000 





5,000 
0 


20,400 
3,840 


3,600 
9,000 


558 
686 


56 
2,400 





3,000 
0 


22,800 


7,200 


1,080 
692 


368 
14,400 





6,300 
0 


23,000 
20,400 


1,200 
49,000 


860 
428 


16 
6,480 





3,500 
0 


20,400 
20,000 


4,200 
39,600 


496 
500 


58 
3,100 





22,000 


2,400 


672 


5,300 
0 


42 
424 5,200 





12,000 
9,600 

















3,600 
0 


3,600 440 272 
40,000 364 7,840 














period as long as 6 hours was very destructive to the 
leukocytes. Before incubation, and immediately after 
removal from the incubator, the tubes were shaken to 
disperse the leukocytes and bacteria, and 0.5 ml. of the 
blood was removed each time and incorporated into agar 
pour plates and incubated at 37° C. for 24 hours. The 
bacterial colonies were then counted. Normal whole blood 
was inoculated with staphylococci and treated in the 
same way. Results were not recorded if heavy growth 
failed to develop in cell-free plasma controls. 

4. Phagocytic activity of normal leukocytes in leukemic 
plasma. The phagocytic system described in Section 2 
was useful for demonstrating an antileukocyte factor in 
leukemic plasma. The procedure was identical except that 
normal leukocytes were resuspended in leukemic plasma 
instead of Ringer’s solution. The leukemic and normal 
control plasmas had been collected on the dates indi- 
cated in Table VI and stored at 4° C. until 5/19/53 and 
5/21/53 when they were removed for the experiments. 
In this way all plasmas were tested simultaneously against 
normal leukocytes obtained from a given sample of blood. 


RESULTS 
Chronic granulocytic leukemia 


Pneumococci were phagocytosed by fewer ma- 
ture leukemic neutrophils than by normal neutro- 
phils in most experiments. Phagocytosis equal to 
that of the normal control was observed among 
leukocytes from only 2 of 14 leukemic patients 
(A. E. 3/6/53 and M. W.) at a time when both 
had experienced marked clinical and hematologic 
remission from successful therapy. In two other 
cases (T. B. 1/12/53 and E. S. 8/12/53) the per 
cent phagocytosis by mature neutrophils ap- 
proached normal, but the average number of in- 
tracellular pneumococci per phagocytic cell was 
markedly lower than normal. Phagocytes from 7 
of the 14 patients contained at one or more times 
an average number of intracellular pneumococci 
equal to or greater than the average observed in 
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normal phagocytes serving as controls. Two of 
these patients were those who had undergone re- 
mission after treatment and whose leukocytes were 
all as active as normal. Only a fraction of the 
leukocytes from the other five patients were 
phagocytic, but the phagocytic cells were, on the 
average, as active as normal or more so. In addi- 
tion to the two whose leukocyte function was 
normal during remission, three patients (M. L. 
3/31/53, E. J. 12/23/53, R. F. 4/2/53) and per- 
haps a fourth (T. B. 4/10/53) manifested im- 
provement of leukocyte function after treatment 
with x-ray or P,,. A sharp fall in phagocytic ac- 
tivity was observed in leukocytes from patient 
(M.R.) after the start of treatment with urethane. 

Both band and segmented cells were regarded 
as mature neutrophils. Numerous reports have 
disclosed that there is no significant difference be- 
tween the phagocytic activity of band forms and 
segmented forms from normal persons (2-4, 8). 
Phagocytosis by metamyelocytes was occasionally 
observed but rarely if ever occurred among mye- 
locytes or younger ceils in our preparations. Dis- 
tinction between band and segmented forms was 
sometimes difficult when the cell contained nu- 
merous cocci. For this reason no attempt was 
made to compare quantitatively the relative phago- 
cytic power of band cells and segmented cells. 
Table I discloses that in chronic granulocytic 
leukemia the per cent phagocytosis was usually 
much less than the per cent of segmented neutro- 
phils in a given suspension. It is clear, therefore, 
that phagocytosis by segmented neutrophils was 
impaired in chronic granulocytic leukemia. 

Samples of blood from each of the 12 patients 
whose mature neutrophils showed impaired phago- 
cytosis of pneumococci reduced the number of 
culturable staphylococci in 6 hours as readily as 
normal blood. Bloods from a total of 19 of 20 pa- 
tients lowered the total staphylococcal count as 
effectively, or more so, than normal blood. The 
one exception (E. H.) was a patient whose blood 
contained mostly band neutrophils. Although his 
blood did not lower the bacterial count, it prevented 
growth. 


The observed impairment of phagocytosis by 
individual neutrophils in chronic granulocytic leu- 
kemia, as measured by the phagocytosis of pneu- 
mococci, was also demonstrated when the total 
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neutrophil count of whole leukemic blood was re- 
duced to normal. Thus, in bloods from seven pa- 
tients, removal of the buffy coat not only reduced 
the neutrophil count to levels approaching normal, 
but also rendered the blood incapable of lowering 
significantly the count of staphylococci (Table V). 


Acute and subacute granulocytic leukemia 


The per cent phagocytosis by mature neutro- 
phils was at least normal or nearly normal, in eight 
of nine patients (Table II). In five of these eight 
leukemic patients, the average number of pneumo- 
cocci per phagocytic cell was normal or greater. 
Only in the suspension made from the cells of one 
patient (G. S.) were both the per cent phagocy- 
tosis and average number of intracellular bacteria 
reduced when compared to the normal control. 
He was the only patient of the nine whose total 
leukocyte count in the peripheral blood was greatly 
elevated when the test was performed. In three 
patients (P. C., F. S., and R. V.) there was a 
great increase in phagocytic activity over normal 
as judged both by per cent phagocytosis and num- 
ber of bacteria per cell. Neutrophils from pa- 
tient F. S. were so heavily packed with pneumo- 
cocci that the bacteria could not be counted. All 
bloods from patients with acute or subacute granu- 
locytic leukemia lowered the count of inoculated 
staphylococci as well as normai blood. The blood 
from two patients reduced the number of cultur- 
able staphylococci despite the presence of only 
2,400 (patient E. T.) and 900 (patient F. S.) ma- 
ture neutrophils per cu. mm. 


Chronic lymphocytic leukemia (Table III) 


The per cent phagocytosis by mature neutro- 
phils from five patients was essentially normal. 
The per cent phagocytosis by leukocytes from two 
patients (J. H. and J. M.) was reduced, but not by 
much. Phagocytes from five of the seven patients 
contained more intracellular pneumococci than 
normal, from one patient (J. M.) the same as nor- 
mal, and only those from patient W. Y., less than 
normal. Two of the patients (J. P. and H. C.) 
whose leukocytes were more active than normal 
were receiving x-ray therapy during the periods 
when the tests were made. Patient J. M., whose 
leukocyte function was slightly reduced, was also 
receiving x-ray therapy. 
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Although the count of mature neutrophils was 
4,000 per cu. mm. or less in the blood of five of 
seven patients, normal or nearly normal reduction 
in numbers of inoculated staphylococci was ob- 
served in each case. The blood of patient A. R., 
containing only 3,600 mature neutrophils per 
cu. mm., reduced the number of culturable staphy- 
lococci by almost 90 per cent or more than that 
produced by normal blood. His leukocytes were 
also exceedingly active in the standardized phago- 
cytic system against pneumococci. 


Acute and subacute monocytic and lymphocytic 
leukemias (Table IV) 


It was possible to test the neutrophils of only 
one patient (A. G.) for phagocytosis of pneumo- 
cocci. These were more active than normal. 
Some of the promonocytes (per cent not deter- 
mined) of patient H. T. showed tremendous phago- 
cytic activity and engulfed so many pneumococci 
that the bacteria could not be counted in each cell. 
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These phagocytic promonocytes were apparently so 
active that they restrained the growth of inoculated 
staphylococci and even lowered the count on one 
occasion (4/17/53). Similar activity of mono- 
cytes or promonocytes may be evident in the case 
of W. S. whose blood reduced a small inoculum of 
staphylococci by nearly 50 per cent. The number 
of phagocytes in the bloods of the other three pa- 
tients in this group were too low to restrain 
staphylococcal multiplication. 


Phagocytic activity of normal leukocytes in leu- 
kemic plasmas (Table VI) 


The plasmas obtained from patient M. L. 
(chronic granulocytic) and from patient F. S. 
(acute granulocytic) abolished the phagocytic ac- 
tivity of normal leukocytes obtained from two 
donors. These plasmas also damaged the neutro- 
phils, producing severe lysis (plasma M. L.) or 
pyknosis (plasma F. S.). The plasmas of three 


other patients (A. G., subacute subleukemic 


TABLE VI 


PHAGOCYTIC ACTIVITY OF NORMAL NEUTROPHILES SUSPENDED IN LEUKEMIC PLASMAS 


All plasmas were stored at 4° C. and tater tested simultaneously with each sample of 
normal cells. 





SOURCE OF LEUKEMIC PLASMA 


PER CENT OF NEUTROPHILES 
SUSPENDED IN LEUKEMIC PLASMA 
WHICH PHAGOCYTOSED OPSONIZED 

TYPE 2 PNEUMOCOCC! 


APPEARANCE OF CELLS 





DATE TYPE OF LEUKEMIA 


NORMAL CELLS 
JF 


NORMAL CELLS 





4/10/53] Subacute subleukemic 


lymphocytic 


72 50 


Lysis (of some cells) 





3/31/53] Chronic granulocytic 


0 Lysis of all cells 





3/31/53] Acute granulocytic 


cells 


0 Pyknosis of all 





4/29/53] Acute monocytic 


62 Normal 





3/6/53 Chronic granulocytic 


65 Normal 





3/6/53 Subacute subleukemic 


granulocytic 


86 Normal 





4/24/53 | Chronic lymphocytic 


88 Normal 





2/24/53] Chronic !ymphocytic 


87 Normal 





3/19/53 | Chronic granulocytic 


70 Normal 





5/5/53 Chronic granulocytic 


90 Normal 





4/29/53 | Chronic granulocytic 








90 Normal 





Normal Control. A 


90 





Normal Control. 8 


96 





Norma! Control. C 
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TABLE VII 


INCIDENCE OF BACTERIAL INFECTIONS IN LEUKEMIC PATIENTS 


2 


Infections were all staphylococcal and consisted of mild. 
furuncies, pharyngitis, and a generalized pustular dermatitis. 





TYPE OF LEUKEMIA 


TOTAL NUMBER OF CASES 


TOTAL NUMBER WITH 
PROVEN BACTERIAL 
INFECTION 





Chronic Granulocytic 


2 





Acute Granulocytic 





Chronic Lymphocytic 





Acute Lymphocytic 











Acute Monocytic 











TOTAL 


lymphocytic; H. T., acute monocytic; A. E., 
chronic granulocytic) also seemed to reduce phago- 
cytosis of normal leukocytes, but not by much. 
The plasma of A. G. produced slight cytolysis. 


DISCUSSION 


There are at least two possible explanations for 
the decreased phagocytic activity of mature neu- 
trophils in chronic granulocytic leukemia, ob- 


served in this study. One possible explanation is 
that there is an inherent defect in the leukemic cell. 
The other is that leukemic plasma contains a fac- 


tor which is injurious to the neutrophil. What- 
ever the cause, the decreased phagocytic activity 
could not have been anticipated by morphologic 
study because the nuclear configuration and cyto- 
plasmic structure of most of the mature leukemic 
neutrophils were normal. The existence of func- 
tional changes without morphologic abnormality 
in neutrophils has also been suggested by observa- 
tions on leukocytes removed from patients with 
diabetes and anemia. Recently, Martin, McKin- 
ney, Green, and Becker (9) have reported that 
leukocytes from diabetics cannot oxidize glucose 
normally in vitro unless insulin is provided. In 
anemia, Berry and Spies (10) have found that 
neutrophils, instead of showing disturbed activity, 
possess greater phagocytic capacities than normal 
cells. 

This state of reduced phagocytic capacity is not 
a universal feature of the leukemic process, how- 
ever. In chronic lymphocytic leukemia, in acute 
granulocytic leukemia, and perhaps in acute lym- 
phocytic leukemias, the individual function of the 


granulocytes was not usually disturbed. Because 
of the diminished total numbers of cells, however, 
the total antibacterial activity of whole blood in 
these conditions was sometimes less than that of 
blood from patients with chronic granulocytic leu- 
kemia and even less than normal. 

It does not seem likely that the decreased ac- 
tivity of neutrophils in granulocytic leukemia was 
due to irradiation because leukocytes from pa- 
tients who never received irradiation prior to the 
study displayed impaired phagocytic activity. 
Moreover, irradiation appears to enhance rather 
than depress phagocytic activity. Thus leukocytes 
from some patients with lymphocytic leukemia re- 
ceiving Roentgen irradiation displayed greater 
phagocytosis than normal, In animals, irradiation 
has also produced greater phagocytosis than nor- 
mal by neutrophils (11). There is little question 
that in several patients with granulocytic leukemia, 
radiation therapy actually produced an improve- 
ment in phagocytic activity. The effect of ure- 
thane appeared to differ from that of irradiation in 
the one patient studied because there was a de- 
crease instead of increase in phagocytic activity. 

Although the function of the individual cell is 
impaired in chronic granulocytic leukemia, the ex- 
cess number of granulocytes raises the total anti- 
bacterial defense of the whole blood to normal. 
Since tissues receive their granulocytes from the 
blood, it is not surprising that the cellular mor- 
phology of the inflammatory reaction in infected 
tissues is normal in granulocytic leukemia. Jaffé 
(12) found that in these patients the cells com- 
prising the inflammatory reaction had the appear- 
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ance of normal neutrophils and they were present 
in normal numbers or greater. 

Bacterial infections were not frequent among 
the patients in this report (Table VII). Only 
two patients with chronic granulocytic leukemia 
suffered from infection. These were both mild 
furuncles which were promptly localized. Three 
patients with acute granulocytic leukemia appeared 
to suffer bacterial infections. Two patients had 
a sore throat from which coagulase positive staphy- 
lococci were cultured. These bacteria are fre- 
quently present without producing infection and 
cannot be definitely regarded as the cause of the 
sore throats. A third patient experienced a gen- 
eralized pustular eruption. All three cases re- 
covered after receiving antibiotics. No bacterial 
infections were noted in 12 patients with lympho- 
cytic leukemia. The relatively low incidence of 


severe infection in all patients studied may be cor- 
related with observations on leukocyte function. 
In chronic granulocytic leukemia, an excess num- 
ber of neutrophils offsets poor individual function. 
In lymphocytic leukemia, and in the acute leuke- 
mias, there appear to be enough normally active 
phagocytes for defense against bacterial infection 


even though the total numbers may be somewhat 
lower than normal. Thus, Jaffé (12) observed 
that patients with very low leukocyte counts could 
mobilize adequate numbers of neutrophils from 
isolated foci in the bone marrow to provide good 
cellular defense reactions to infection in the tissues. 
Other cells than granulocytes may also contribute 
significantly to cellular defense in leukemia. An 
example of this is provided by the patient with 
acute monocytic leukemia whose promonocytes 
were so actively phagocytic that whole blood con- 
taining them but no other phagocytes possessed 
total antibacterial properties equal to that of nor- 
mal blood. The extreme susceptibility of certain 
patients with acute leukemia to bacterial infections 
appears to be a function of a marked decrease in 
total number of mature granulocytes rather than a 
decrease in function of individual cells. 

The antiphagocytic and leukocyte-destroying 
properties of stored leukemic plasmas are recorded 
here as a preliminary observation of interest. The 
two plasmas most destructive for neutrophils were 
obtained from patients with granulocytic leukemia 
when their leukocyte counts were low. Yet the 
activity of their own leukocytes against staphylo- 


1045 


cocci was good in the fresh whole blood from which 
the stored plasmas were obtained. In one of these 
patients, hcwever, the total leukocyte count had 
fallen from 220,000 to 16,500 just before the plasma 
was obtained. It remains to be determined if the 
factor in leukemic plasma which is toxic for leu- 
kocytes is related to the leukotoxic substance dem- 
onstrated by Doan (13), and what role, if any, it 
may have in the pathogenesis of leukemia. 


SUMMARY AND CONCLUSIONS 


Phagocytic activity of leukocytes in 45 cases of 
leukemia was studied by two methods: 1) Suspen- 
sions of leukemic and suspensions of normal leu- 
kocytes, containing approximately equal numbers 
of mature granulocytes were inoculated with op- 
sonized type II pneumococcus and the phagocytic 
activity of leukemic cells was compared to that of 
normal granulocytes; 2) Heparinized leukemic 
blood was divided into two portions and buffy coat 
removed from one to lower the count of mature 
neutrophils to normal levels. Each portion was in- 
oculated with pathogenic staphylococci and the 
number of culturable staphylococci were counted 
before and after 6 hours incubation. 

Pneumococci were phagocytosed less actively by 
mature granulocytes from chronic granulocytic 
leukemia than by normal granulocytes. In lympho- 
cytic leukemia, phagocytosis of pneumococci by 
granulocytes was usually normal. Treatment of 
patients by irradiation sometimes restored normal 
phagocytosis in granulocytic leukemia. 

Similarly, in chronic granulocytic leukemia, when 
buffy coat was removed to leave a count of 5,000 
to 10,000 mature granulocytes per ml. of blood, the 
number of culturable staphylococci was often not 
significantly lowered. Yet normal bloods averag- 
ing 5,000 mature granulocytes markedly reduced 
the numbers of staphylococci. If buffy coat was 
not removed, blood from chronic granulocytic leu- 
kemia also reduced markedly the number of 
staphylococci. 

In chronic granulocytic leukemia, phagocytosis 
by individual granulocytes was usually impaired 
but overproduction of granulocytes raised the total 
defense of the blood to normal. In chronic lympho- 
cytic, and certain acute leukemias, individual func- 
tion of mature granulocytes is usually undisturbed, 
but decrease in total numbers sometimes weakens 
antibacterial defense. 
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Since its introduction in 1951, hydralazine (1-hy- 
drazinophthalazine, Apresoline®) has become a 
widely used agent for the treatment of hypertensive 
disease. The mechanism by which it exerts its 
hypotensive action has not, however, been clearly 
defined. This is particularly true for the dosage 
range which is clinically the most relevant, namely, 
the smallest amount of the drug which will produce 
a definite hypotensive effect in patients. 

According to the most widely accepted theory, 
the influence of hydralazine is exerted centrally, 
perhaps in the mid-brain, where it acts to suppress 
the outflow of sympathetic vasopressor impulses 
(1-5). It has also been suggested that the drug 
functions as a ganglionic blocking agent (2, 6) and 
that it acts to produce adrenergic blockade (3, 7, 
8). One investigator (9) has reported the inhibi- 
tion of a cerebral vasopressor substance by hydra- 
lazine. Except for the implication of this latter 
report, little consideration has been given to the 
possibility that the drug may act directly upon the 
blood vessel wall. The following limited series of 
observations suggest that hydralazine can act di- 
rectly in this manner to decrease peripheral 
resistance. 


METHODS AND MATERIALS 


Subjects for the blood flow studies consisted of three 
groups: 1) three patients with uncomplicated hyperten- 
sive disease and one hypertensive patient who had 
largely recovered from a right hemiplegia of two years’ 
duration; 2) four patients with transection of the spinal 
cord. Complete denervation of the legs was demonstrated 
by motor and sensory loss below the transection together 


1 Supported in part by grants from the Albert and 
Mary Lasker Foundation, the National Institutes of 
Health, U. S. Public Health Service and the Public Health 
Research Institute of the City of New York. 

2Present address: Department of Medicine, Cornell 
University Medical College, New York, N. Y. 


with an absence of skin temperature response to the 
20.5° C. of the constant temperature room; 3) one hyper- 
tensive patient who had undergone unilateral lumbodorsal 
sympathectomy four years before. Completeness of au- 
tonomic denervation was again demonstrated by absence 
of skin temperature response to a cold stimulus. Studies 
were performed with subjects in the fasting state and, ex- 
cept for one patient who required 50 mg. of Demerol for 
the relief of pain, none had received any medication the 
day of the experiment or had smoked for 30 minutes be- 
fore tests were begun. 

Skin temperature and blood flow measurements were 
carried out in a constant temperature room maintained 
at 20.5 (+1) degrees Centigrade with relative humidity 
between 51 per cent and 57 per cent and wind velocity 
less than 1 meter per second. The experimental period 
was of at least three hours’ duration, allowing a minimum 
of two hours’ adaptation to the room temperature. Skin 
temperatures were recorded automatically from the 
plantar surface of each great toe, the outer surface of 
each calf and the palmar surface of each middle finger by 
means of a six point Leeds and Northrup Speedomax 
which registered the temperature of each point once every 
22.5 seconds. Blood flow to forearms and legs was meas- 
ured by venous occlusion plethysmography using ap- 
paratus previously described (10). 

Infusion of norepinephrine (Levophed®) before and 
after administration of hydralazine? was performed in 
two normotensive patients without evidence of significant 
organic disease. A Y tube was connected to the infusion 
needle to allow rapid and easy change from and to the 
control infusion of isotonic saline. Blood pressure was 
measured every one to five minutes on the opposite arm 
by the auscultatory method and mercury sphygmomanom- 
eter, and pulse rate was determined at the same time. 

Cold pressor tests were performed 23 times on 13 hyper- 
tensive subjects before and after intravenous injection of 
hydralazine. Throughout the test the patients lay quietly 
on their own beds in a relaxed state, often falling asleep. 
The hand was immersed in ice water for a period of one 
minute as described by Hines (11), except for one patient 
who could not tolerate more than 30 seconds’ immersion; 


8 Hydralazine (l-hydrazinophthalazine, Apresoline®) 
was generously supplied by Dr. E. A. Reilly of Ciba 
Pharmaceutical Products, Inc., Summit, New Jersey. 
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TABLE I 
Effect of hydralazine on skin temperature and blood flow of the extremities 








Dose of 
hydralazine Blood pressure 
meg. mm. Hg 


Skin temperature (° C) 
Left middle 





Blood flo 
(cc./min./100 cc. tissue) 
Left great 





Arm 





210/130-195/115 

210/110-175/ 90 

; 220/130-200/110 

J.R. 180/110-155/ 90 
Paraplegics 
D. J. 


120/ 82-120/ 72 
4 4 154/ 90-152/ 78 
cB. 140/ 95-115/ 70 
A.R. 115/ 90-115/ 80 
Sympathectomy 


A. M. 225/114-200/106 


210/110-195/ 95 


1.0-0.8 
1.0-0.8 


Denervated Intact 
toe leg 


22.0-22.0 34.0-36.0 0.4-0.3 


Intact 
foot 


0.8-0.5 


23.0-22.5 34.0-36.5 





blood pressure readings were made every half minute with 
a mercury sphygmomanometer on the other arm. 


RESULTS 


Effects of hydralazine on blood pressure in pa- 
tients with spinal cord transection: Intravenous 
administration of 15 mg. of hydralazine resulted in 
falls in diastolic blood pressure ranging from 10 to 
25 mm. Hg in each of four paraplegic patients 
(Table I). Such responses are comparable to 
those of subjects with intact nervous systems, and 
similar initial blood pressure levels. Furthermore, 
the greatest fall, from 140/95 to 115/70, was noted 
in the patient (C. B.) with the highest spinal cord 
transection (T 1-5). It is worthy of note that 
the decreases in blood pressure following a con- 
stant dose of hydralazine were similar in both the 
constant temperature room and in the warmer 
temperature of the ward. 

Control measurements of blood flow: Following 
the intravenous administration of hydralazine in 
single doses, measurements in four patients with 
normal innervation of all extremities revealed falls 
in skin temperature of as much as 3° C. in the 
fingers and 2° C. in the toes with significant re- 
duction in blood flow to the legs in two of three 
patients (Table I). 

Measurements of blood flow in patients with 
spinal cord transection: Measurements of skin tem- 
perature and blood flow were performed in four 


patients with spinal cord transections to compare 
the response to hydralazine in the denervated lower 
extremity with the innervated upper extremity. 
Intravenous administration of 15 mg. of hydrala- 
zine (about 0.3 mg. per Kg.) was followed by an 
increase in skin temperature of at least 2° C. in 
the toes of each patient, with no significant change 


EFFECT OF HYDRALAZINE ON SKIN TEMPERATURE AND BLOOD FLOW 
ABOVE AND BELOW SPINAL CORD TRANSECTION 
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TIME IN MINUTES 
Ficure 1 


Patient A. R.: Two hours in the constant temperature 
room prior to 0 time on the graph has resulted in adap- 
tation of the intact finger whose temperature is 23.5° C. 
while the denervated toe remains at 32.5° C. Injection of 
18 mg. of hydralazine results in a further rise of 3° C. in 
the toe, with no change in the finger. Parallel changes 
are noted in blood flow to the leg and arm. 
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in the fingers (Table I). Under the conditions of 
the experiment, changes of 2° C. are considered 
significant (12). Plethysmography showed sig- 
nificant increases in blood flow to the leg in each 
patient with slight decrease in blood flow to the 
arm in the two patients so tested (Figure 1). 
Measurements of blood flow in patient with 
unilateral sympathectomy: In an effort to localize 
the vasodilator activity of hydralazine distal to the 
T 9 segment of the spinal cord, studies similar to 
the foregoing were performed on one patient who 
had four years previously undergone unilateral 
lumbodorsal sympathectomy. Here the response 
of the lower extremity on the sympathectomized 
side was compared with that of its fellow on the 
intact side in two experiments, measuring blood 
flow once through the legs and once through the 
feet. In the first of these experiments (Figure 2) 
the toe on the sympathectomized side did not adapt 
to the 21° C. temperature of the room, but re- 
mained at 34° C. Following injection of 10 mg. of 
hydralazine there was a further rise of 2° C. in the 
denervated toe, but none in the intact one, with 
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corresponding findings in blood flow to the legs: 
A fall in blood pressure from 225/114 to 200/106 
was recorded in this experiment. 

Norepinephrine infusion: Infusion of 2.4 micro- 
grams per minute of norepinephrine in a normoten- 
sive patient resulted in a blood pressure rise of 
26/18 mm. Hg and a fall in pulse rate of 5 per 
minute within 10 minutes (Figure 3). After 
the infusion was discontinued, and the blood pres- 
sure and pulse had returned to pre-infusion levels, 
intravenous administration of hydralazine resulted 
in a fall in blood pressure of 0/16 mm. Hg with 
a rise in pulse rate of 20 per min. At this point 
infusion of norepinephrine at the same rate as be- 
fore resulted in a rise in blood pressure of 16/22 
with a fall in pulse rate of 16 per min. This re- 
sponse occurred from 30 to 50 minutes following 
injection of hydralazine, at a time when the effect 
of the drug is maximal. A second normotensive 
patient responded in the same way. 

Cold pressor studies: Cold pressor tests were 
performed 23 times in 13 hypertensive patients 
before and after intravenous doses of hydralazine 


EFFECT OF HYDRALAZINE ON SKIN TEMPERATURE AND BLOOD FLOW 
IN INTACT AND SYMPATHECTOMIZED EXTREMITIES 
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Patient A. M.: Adaptation to the constant temperature room has occurred 
in the intact toe which is 22° C. while the sympathectomized one remains at 
34° C. Injection of hydralazine results in a 2° C. rise in the already warmer 
extremity, with a 0.5° C. fall in the intact one. Parallel changes are noted 
in blood flow to the two legs. 
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FAILURE OF HYDRALAZINE TO BLOCK NOREPINEPHRINE HYPERTENSION 
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Similar rises in blood pressure in response to norepinephrine infusion are 


found before and after a hypotensive dose of hydralazine. 


Pulse slowing ef- 


fect of norepinephrine is not blocked by hydralazine. 


COLD PRESSOR RESPONSE BEFORE AND 
45 MINUTES AFTER HYDRALAZINE !6 moms. IV 
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A rise in blood pressure of 26/38 is noted in response 
to immersion of the hand in ice water. Forty-five minutes 
later, following the administration of 16 mg. of hydrala- 
zine with a consequent blood pressure fall of 50/25, the 
cold pressor response is a rise of 30/30. 


ranging from 8 to 22 mg. Of this group 12 tests 
were performed in eight patients following dia- 
stolic blood pressure decreases of at least 10 mm. 
Hg. During the cold pressor test the average 
blood pressure rise before hydralazine was 32/31, 
and after hydralazine 34/29. In no case was 
there blocking of the response. Eleven tests were 
performed in eight patients in whom there was no 
significant fall in diastolic pressure. In this group 
the average rise during the cold pressor test was 
29/28 before the drug and 31/17 afterwards, and 
the cold pressor test was not blocked in any in- 
stance. A typical cold pressor test before and 
after a hypotensive dose of hydralazine is illus- 
trated in Figure 4. The rise before hydralazine 
is 26/38, whereas following a fall in diastolic 
pressure of 25 mm. Hg, the cold pressor rise 


is 30/30. 
DISCUSSION 


The theory of the central action of hydralazine 
is based on the work of Gross, Druey, and Meier 
(4), and Craver and Yonkman (13) who showed 





EVIDENCE FOR PERIPHERAL SITE OF ACTION OF HYDRALAZINE 


that the drug does not exert a hypotensive effect 
in the spinal cat. This is supported by reports (2, 
14) that hydralazine blocks vasomotor reflexes. 


Denervation studies 


Studies comparable to those of Gross, Druey, 
and Meier, and Craver and Yonkman have not 
heretofore been performed in man. The results 
presented here indicate that hydralazine can de- 
crease blood pressure in human subjects with 
high thoracic spinal cord transections. Further- 
more, the drug increases blood flow in extremities 
denervated either by such transection of the spinal 
cord or by sympathectomy. 

Three explanations of these findings seem pos- 
sible. First, the increased blood flow may be a 
result of altered circulatory dynamics, specifically 
of an increased cardiac output, and thus represent 
no more than passive adjustment to a greater vol- 
ume of flow. While hydralazine does increase car- 
diac output, the increase would appear inadequate 
to increase blood flow in the denervated ex- 
tremity in the presence of the decreased blood 
pressure noted in the present studies. 

The second possibility, that these findings result 
from inhibition of a circulating humoral agent, 
seems remote in the absence of evidence for such 
an agent in normotensive subjects. 

The third explanation is that hydralazine acts 
directly upon the blood vessel wall. 

The latter hypothesis would account for the 
otherwise inexplicable finding of Wilkinson, Back- 
man, and Hecht (5) that intra-arterial injection 
of hydralazine results in a marked increase in 
skin temperature in the injected extremity, and 
not in the others, a phenomenon hard to recon- 
cile with a central action of the drug. It does 
not, however, explain why the vasodilator action 
is apparent only in denervated limbs, or following 
intra-arterial injection. There is, of course, the 
possibility that the action of the drug is a general 
one on all the blood vessels of the body, but that 
the greater sympathetic tone under conditions of 
cold prevents vasodilation from becoming mani- 
fest in the normally innervated extremity. This 
inference may be drawn from the work of Wilkin- 
son, Backman, and Hecht (5) and Grimson, Chit- 
tum, and Metcalf (14) who showed an increase 
in skin temperature following intravenous adminis- 
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tration of hydralazine in a warm room. However, 
the fact that blood pressure response to a ccn- 
stant dose of the drug is similar in warm and cold 
environments indicates that vasodilatation of skin 
vessels is a minor effect of hydralazine. 

It is unlikely that action on the blood vessel 
wall in itself is sufficient explanation for the 
particular pattern of vasodilatation produced by 
hydralazine. For, if it were true, drugs with a 
similar site of action might be expected to effect a 
similar pattern. And nitrites, which are generally 
believed to act on the arteriolar wall, are reported 
to produce peripheral vasodilatation and renal 
vasoconstriction (15), effects opposite to those of 
hydralazine. 

It would appear necessary to postulate a more 
potent effect of hydralazine on the visceral than 
on the cutaneous vascular beds. The widely dif- 
fering effects of the drug on blood flow in the 
skin and kidney make this a reasonable hypothe- 
sis. Furthermore, it focuses attention on the im- 
portance of the visceral vasodilator action of hy- 
dralazine and the need for study of its mechanism. 


Norepinephrine infusion studies 


Reports of adrenergic blockade by hydralazine 
(2, 7, 8, 13, 16) assume a greater significance with 
the demonstration of its increased vasodilator ac- 
tivity in denervated extremities, for it raises im- 
plications of the heightened adrenergic sensitivity 
of such structures (17, 18). It is, +herefore, 
noteworthy that the doses of hydralazine men- 
tioned in these reports were larger than those found 
adequate in this study to produce a hypotensive ef- 
fect. Gross, Druey, and Meier (4), working with 
cats, has reported that whereas hydralazine in 
doses of 0.5 mg. per Kg. may decrease the rise in 
blood pressure following epinephrine (but not 
norepinephrine), 0.1 mg. per Kg. has no such 
effect. 

Conflicting reports complicate understanding of 
this problem. Later, more detailed studies (19) 
in animals have shown that even very large doses 
of hydralazine (1 to 5 mg. per Kg.) affected pres- 
sor responses to epinephrine and norepinephrine 
“minimally, if at all’, “left uninfluenced the response 
of salivation and the nictitating membrane to epi- 
nephrine and norepinephrine” and failed to block 
their action on the seminal vesicle of the guinea 
pig. It was concluded that hydralazine’s “adreno- 
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lytic activity would appear to be a secondary 
characteristic.” 

The evidence presented above would indicate 
that doses of hydralazine sufficient to produce a 
hypotensive effect will not block the hypertensive 
or pulse-slowing actions of norepinephrine. Such 
hypotensive activity must, therefore, depend upon 
a mechanism other than adrenergic blockade. 


Cold pressor studies 


Demonstration that a drug can produce vasodila- 
tation by peripheral action does not preclude the 
possibility that it may act also, and even more sig- 
nificantly, through a central neurogenic mecha- 
nism. If such were the case, however, hypoten- 
sive doses might be expected to inhibit at least the 
more prominent sympathetic responses such as 
the vasopressor reflexes. That hydralazine has 
such an action is frequently cited on the authority 
of Freis and Finnerty (2) and Grimson, Chittum, 
and Metcalf (14) who reported suppression of vaso- 
motor reflexes following its administration. It 
should be noted, however, that the latter authors, 
using intravenous doses of as much as 20 to 125 
mg., observed blocking of the cold pressor test in 


only one of five patients and found it unchanged 
in two. 


It is clear that large enough doses of any hy- 
potensive agent will ultimately interfere with 
responsivity to vasopressor stimuli. The demon- 
stration of such effects following very large doses 
is, therefore, largely irrelevant to the mode of ac- 
tion of a drug in its therapeutic range. 

In the present study, hypotensive effects were 
achieved 13 times with little if any suppression 
of the cold pressor test. Accordingly, it was 
concluded that the hypotensive activity of hydra- 
lazine in these instances did not depend upon its 
suppression of those vasopressor stimuli which de- 
termine the cold pressor reflex. This observation 
would also appear to cast doubt upon the theory of 
central action of hydralazine, and suggests that 
its major site of action may be the peripheral one 
previously demonstrated. 


SUMMARY 


1. Hydralazine in doses of 0.3 mg. per Kg. low- 
ered the blood pressure of four subjects with spinal 
cord transection as high at T 1-5. 
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2. Hydralazine increased blood flow in extremi- 
ties denervated dy spinal cora transection and sym- 
pathectomy. Such increases were not found in 
normally innervated extremities. 

3. Doses of hydralazine sufficient to lower blood 
pressure did not interfere with the subsequent hy- 
pertension and bradycardia produced by norepi- 
nephrine infusion. 

4. Hypotensive doses of hydralazine did not 
interfere with the rise in blood pressure produced 
by the cold pressor test. 

5. It is concluded that hydralazine can act di- 
rectly upon the blood vessel wall to produce vaso- 
dilatation, and that this may be its major site of 
action. 
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The successful introduction of enzymes for the 
dissolution of undesirable collections of sanguine- 
ous, fibrinous, and purulent exudations in local- 
ized areas of disease in man (1), has stimulated 
studies on the experimental in vivo dissolution of 
intravascular blood clots by enzymatic means 
(2-4). Activation of plasminogen, the proteolytic 
enzyme precursor present in plasma, to plasmin, 
by streptokinase? has received considerable at- 
tention in these studies (2, 3, 5) not only because 
of plasminogen’s natural occurrence, but because 
of the special fibrinolytic propensities attributed 
to SK activated human plasmin (6, 7). 

Preparations of the human proenzyme prepared 
by the Kline procedure (8) and activated by strep- 
tokinase, consistently have fibrinolytic activities of 
approximately 200,000 units per mg. nitrogen.® 
The striking fibrinolytic activity of streptokinase 
activated human plasmin preparations is very large 
when compared to their known and measurable 
proteolytic activity. It seems unusual for an en- 
zyme which extensively attacks a great variety of 
protein substrates (9-11), and has the same spec- 
trum of activity as trypsin on synthetic substrates 
(12), to have such a unique fibrinolytic activity. 

It is the purpose of this report to present evi- 
dence that, (a) the fibrinolytic activity of human 
plasmin preparations is comparable to that of other 
known proteolytic enzymes, and (b) the extra- 
ordinary fibrinolytic activity of streptokinase ac- 
tivated human plasmin, when measured with the 
conventional bovine clot, is due to the activation 
of a contaminating bovine plasminogen in the fibri- 
nogen preparation used in the assay system. This 


1 This study was supported by a grant from the Lederle 
Laboratories Division, American Cyanamid Company. 

2 Also referred to as SK. 

8An activity of this amount is represented by the 
ability of 0.005 gamma of plasmin N to digest a standard 
fibrin clot in 30 minutes. 


contaminating plasminogen is rapidly activated by 
streptokinase in the presence of trace amounts of 
human plasminogen or plasmin. The activation of 
the bovine plasminogen, under these circumstances, 
results in abnormally high values for the fibrino- 
lytic activity of human plasmin preparations. In 
general, the values obtained with the present fibri- 
nolytic assay for streptokinase activated plasmin 
are approximately five hundred fold greater than 
the actual fibrinolytic activity of these human 
plasmin preparations. 

The significance of these findings in relation to 
the diversity of data concerning the streptokinase 
activated plasma proteolytic system will be dis- 
cussed, 

METHODS 


Enzyme preparations: 


Human plasminogen. Prepared by the method of Kline 
(8). This procedure consistently yielded preparations of 
high activity. 

Human plasmin. 
were studied ; 


Three preparations of this enzyme 


a) Human plasminogen activated by streptokinase, 
and referred to as streptokinase activated plasmin 
or SK plasmin. 

A preparation of human plasmin derived from 
human plasminogen which spontaneously activated 
while human plasminogen was being reprecipitated 
three times during a three day period, according 
to the Kline procedure for plasminogen precipita- 
tion. 

A spontaneously activated human plasmin prepara- 
tion (Cohn’s plasma Fraction IIIs), obtained 
through the courtesy of Dr. D. M. Surgenor, Har- 
vard University Laboratory of Physical Chemistry. 


Bovine plasminogen. Bovine plasma Fraction III, 4 or 
fresh plasma were used as sources of bovine plasminogen. 

Bovine plasmin (or bovine fibrinolysin). Obtained 
through the courtesy of Dr. E. Loomis, Parke, Davis and 
Co. This is a chloroform activated enzyme derived from 
bovine plasma (13). 


* Obtained through the courtesy of Dr. A. H. Holland, 
Jr. of Armour Laboratories. 
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Other animal plasminogens. Fresh plasma was used as 
a source of dog plasminogen. Prothrombin free dried 
rabbit plasma (Difco) served as a rabbit plasminogen 
source. 

Trypsin and Chymotrypsin (crystalline) (Worthington 
Labs.). 

Streptokinase. A commercial preparation of Varidase 
(Lederle) (Lot No. 7-1089-287A) containing only small 
amounts of contaminating inhibitor. This preparation 
contained a number of other impurities including several 
non-proteolytic streptococcal enzymes. All references to 
unitage are in terms of Christensen units (14). 


Substrates: 


Bovine fibrinogen. Fraction I (Armour), an alcohol 
fraction of bovine plasma, was used in these studies. A 
number of different lots of this reagent were employed. 
Clots made with this preparation plus bovine thrombin 5 
in the presence of various amounts of SK, were stable for 
24 hours. 

Plasminogen-deficient human fibrinogen. A sample of 
human fibrinogen obtained for study through the courtesy 
of Cutter Laboratories was further purified by three am- 
monium sulfate precipitations according to Laki’s pro- 
cedure (15). Although this preparation contained traces 
of human plasminogen, the contamination was not signifi- 
cant enough to influence the fibrinolytic assay. Clots 
produced with this reagent plus human® or bovine 
thrombin, in the presence of SK, were stable for several 
hours. Furthermore, this human fibrinogen preparation 
was found to be relatively free of both plasmin inhibitor 
and antistreptokinase, and was suitable for use as a 
reagent in the fibrinolytic assay. 

Casein. A preparation (Hammarsten quality) 
tained from Nutritional Biochemicals. 

TAMe. (p-toluenesulfonyl l-arginine methyl ester). 
Synthesized in our laboratories by a modification of the 
method of Bergman, Fruton, and Pollok (12, 16). 

LEe (l-lysine ethyl ester). Synthesized according to 
conventional methods (17). 


ob- 


Assays: 


Fibrinolytic assay for streptokinase activated plasmin, 
Spontaneously activated plasmin, and other proteolytic 
enzymes. The conventional assay utilizing a clot made 
with bovine reagents, according to the method of Christen- 
sen (14), was employed. When a clot made with human 
fibrinogen and thrombin was used, the procedure was 
similar to the Christensen method except for the substi- 
tution of human reagents in similar concentrations to the 
bovine reagents. In the fibrinolytic assay, the enzyme 
solution to be assayed is serially diluted with buffer, fol- 


5 The commercial bovine thrombin preparations of Up- 
john and Parke, Davis and Co. were utilized. They con- 
tain approximately 25 N.I.H. clotting units per mg. 
material. 

6A preparation obtained from Cutter Laboratories 
containing 20 N.I.H. clotting units per mg. material. 
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lowed by the addition of fibrinogen and thrombin.? 
When streptokinase was us*d as an activating agent for 
plasminogen, 1,000 units was incorporated into each of 
the assay tubes prior to the addition of thrombin. A 
fibrinolytic unit is defined as the smallest amount of en- 
zyme which produces clot lysis in 30 minutes under the 
conditions of the test (14). 

All reagents in this assay were made up in 0.025 M 
phosphate buffer in 0.85 per cent sodium chloride at pH 
7.5.8 

Proteolytic assay. According to the casein assay of 
Remmert and Cohen (10). One casein unit is equiva- 
lent to the liberation of 450 gamma of acid soluble tyrosine 
under the conditions of the test. 

TAMe and LEe esterase activity. According to the 
method previously described (12). The results are ex- 
pressed as micromoles of acid liberated in 30 minutes at 
37° C. under the conditions of the test. 


RESULTS 


I. The “unusual” fibrinolytic activity of SK acti- 
vated human plasmin as compared to other 
plasmin preparations and trypsin 


In Table I is shown a comparison of crystalline 
trypsin and several plasmin preparations, against 
three types of substrates which are attacked by 


both enzymes, i.e., casein, synthetic basic amino 


acid esters, and fibrin. The conventional assay 
of fibrinolytic activity was carried out with a bovine 
fibrinogen—bovine thrombin clot. Three types of 
plasmin preparations were assayed: a) an SK ac- 
tivated preparation, b) two spontaneously activated 
preparations, and c) a chloroform activated bovine 
plasmin. 

From the data in Table I it will be noted that 
per milligram of nitrogen, trypsin, when com- 
pared to the most purified human plasmin prepara- 
tions presently available, had 30 times as much 
proteolytic activity against casein, 140 fold the 
TAMe esterase activity, and 10 times the LEe 
esterase activity. However, the streptokinase ac- 
tivated human plasmin had a fibrinolytic activity 
12 fold greater than trypsin, resulting in a fibrino- 


7 At the present state of purity of the reagents the ac- 
tion of trypsin and chymotrypsin appears to be greater on 
fibrinogen than fibrin, whereas the reverse is true with 
SK plasmin. 

8 The presence of phosphate in the clotting mixture 
markedly accelerates plasmin fibrinolysis. Optimal ac- 
celeration was noted with 0.025 M phosphate concentra- 
tion. The effect of phosphate ion on fibrinolysis is be- 
ing investigated. 
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TABLE I 


Comparison of the proteolytic, amino acid esterase, and fibrinolytic activity (bovine reagents) 


of several plasmin preparations, and trypsin 








Casein 


Esterase activity 
uM hyd./30 min./mg. N 


Fibrinolytic 
assay 


Fibrinolytic 
units per 


units per 
casein 





units per 


Enzyme mg. N 


TAMe* 


mg. N 
LEet (Bovine clot) unit 





Trypsin 2,015 
Plasmin, human 

(Streptokinase activ. 

human plasminogen) 63 
Plasmin, human 

(Spont. activated) 58 
Plasmin, human Fr. IIT; 

(Spont. activated) 4.3 
Plasmin, bovine 1.0 


107,000 


5,000 14,900 7.4 


748 551 176,000 


438 


2,790 


32 
8 





* n-toluenesulfonyl l-arginine methyl ester. 
Tf 1-lysine ethyl ester. 


lytic/proteolytic ratio 400 times greater than 
trypsin. This implies that per unit of proteolytic 
activity against casein, the streptokinase activated 
enzyme had a fibrinolytic activity 400 times that 
of trypsin. These differences in fibrinolytic ac- 
tivity, per proteolytic unit, entirely disappeared 
when streptokinase was not used as the activating 
agent. The spontaneously activated human en- 
zymes, and the chloroform activated bovine plasmin 
had the same fibrinolytic activity per unit of pro- 
teolytic activity as trypsin. 


II. Lack of “unusual” fibrinolytic activity of SK 
activated human plasmin when measured with 
a human clot 


The striking fibrinolytic activity of streptokinase 
activated human plasmin also disappeared when 
the fibrinolytic activity was assayed against a hu- 
man fibrinogen—human thrombin clot rather than 
the usual bovine clot. 

In Table II the fibrinolytic activity of crystalline 
trypsin, crystalline chymotrypsin, and _ several 
plasmin preparations as determined by assay with 
a clot made of human reagents, is compared to 
their proteolytic activity. 

The data in Table II reveal that the strepto- 
kinase activated human plasmin, which had assayed 
at 176,000 fibrinolytic units/mg. N. with the bo- 
vine reagents, had only 480 fibrinolytic units/mg. 
N. when assayed against a standard clot com- 
posed of human reagents. Furthermore, the 
fibrinolytic activity per unit of proteolytic activity 
for the streptokinase activated plasmin was now 
closely comparable to that observed with the other 
plasmin preparations, trypsin and chymotrypsin. 


The striking fibrinolytic activity of the SK ac- 
tivated human plasmin, as measured by the bovine 
clot assay, does not appear to be an accurate 
measure of the actual fibrinolytic activity of the 
SK plasmin preparation, and can be shown to be 
due to two phenomena: 1) streptokinase, in the 
presence of trace amounts of human plasminogen 
or plasmin, is an excellent activator for bovine and 
other animal plasminogens, and 2) bovine fibrino- 
gen in the amounts used in the fibrinolytic assay is 
seriously contaminated with bovine plasminogen. 


III. Activation of animal plasminogens by strep- 
tokinase in the presence of human plasmino- 
gen or plasmin 


Figure 1 illustrates that streptokinase, in the 
presence of trace amounts of human plasminogen, 


TABLE II 
Comparison of the proteolytic and fibrinolytic activity (human 
reagents) of several plasmin preparations, 
trypsin, and chymotrypsin 








Fibrinolytic 
assay Fibrinolytic 
Casein (humanclot) units per 
units per (units per casein 


Enzyme mg. N mg. N) unit 





Plasmin, human* 
(SK activated 
human plasminogen) 63 480 7.6 


Plasmin, human 
(Fraction IIIs) 
(Spont. activated) 4.3 30 7.0 


Plasmin, bovine 1.0 75 7.5 
2,015 12,800 6.3 
1,177 2,870 2.4 


Trypsin 
Chymotrypsin 





- pag” gm enya contained 176,000 fibrinolytic units 
per mg. N when assayed with bovine reagents. 
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A. 


x- SK 

©-SK+ Human Plasminogen 
(0.3yN) 

@-Humon Plasminogen 
(0.3N) 


Proteolytic Activity (casein units) 








0.48 096 
mg.N Bovine Fraction Il, 


Fie. 1. 


1.44 


8. 








x 
® 
9 


@ 
by 6 
ml. Dog Plasma 


ACTIVATION OF BovINE AND DoG PLASMINOGENS BY SK IN THE PRESENCE OF 


HuMAN PLASMINOGEN 


Proteolytic activity formed measured by casein assay (ordinate). 
used, 1,000 units was added to test system. 


A. Bovine SysTEM 


When SK was 


Abscissa plots concentration of bovine fraction III,, used as source of bovine plasmi- 


nogen in test mixture. 
B. Doc System 


Amounts of dog plasma, used as source of dog plasminogen, in test mixture is shown 


along abscissa. 


is an excellent activator for both bovine and dog 
plasminogen, yet is without significant effect in the 
absence of the human factor. 

For these experiments, bovine Fraction III, 
was used as a source of bovine plasminogen (Fig- 
ure 1A) while dog plasma was used as source of 
dog plasminogen (Figure 1B). Plasmin activity 
was measured by casein proteolysis. The human 
plasminogen employed was the highly purified 
preparation referred to in Table I as having 63 
casein units per mg. N following SK activation. 
Note that only 0.3 gamma N of this human plas- 
minogen preparation was necessary to show this 
effect. 

Similar observations on the activation of animal 
plasminogens have been made on: a) bovine plasma 
as the source of bovine plasminogen ; b) dried rab- 
bit plasma as the source of rabbit plasminogen ; and 
c) in vivo in the dog following the intravenous in- 


jection of small amounts of human plasminogen 
mixed with SK (3). 

The addition of bovine, dog or rabbit plasma, 
or of bovine Fraction III, to a mixture of strepto- 
kinase and trace amounts of human plasmin, 
markedly accelerated the fibrinolysis of a stand- 
ard human or bovine fibrinogen-thrombin clot. 

The activation of these animal plasminogens by 
streptokinase was observed to occur either in the 
presence of human plasminogen or human plasmin. 
However, the presence of human plasminogen, or 
of human plasmin, alone, was without effect as an 
activator. The possible mechanism of this acti- 
vation will be subsequently referred to in the dis- 
cussion. It is probable that the human factor re- 
quired in this activation is plasmin, or perhaps 
plasminogen, rather than some contaminant of the 
plasminogen preparations, since a) purification of 
human plasminogen or plasmin, of up to 300 fold, 
by a number of methods (8, 10, 17, 18) has resulted 
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in a simultaneous purification of this activator 
function (12), b) in the presence of streptokinase, 
only minute traces of some of our purified plas- 
minogen preparations (as little as 0.005 gamma N ) 
are necessary to show this effect, and c) inactiva- 
tion of human plasminogen or plasmin by a va- 
riety of methods, results in a simultaneous loss of 
the activator function. 


IV. Evidence that the bovine fibrinogen used in 
the fibrinolytic assay is contaminated with 
bovine plasminogen 


The data presented in Figure 2 illustrate that 
the bovine fibrinogen preparation usually em- 
ployed in the fibrinolytic assay is seriously con- 
taminated with bovine plasminogen. 

In the experiment described in Figure 2A., the 
digestion of casein, by the bovine fibrinogen used 
in the fibrinolytic assay, was measured in the pres- 
ence of streptokinase with and without trace 
amounts of human plasminogen (0.3 gamma N). 
It will be seen that significant proteolysis was ob- 
served in the presence of the mixture of strepto- 


kinase plus trace amounts of human plasminogen, 


A. 
X-SK 
©-SK+Humon Plasminogen 
(O.38N) 
@-Humon Plasminogen 


Proteolytic Activity (casein units) 





x 


0.6 12 18 
% Bovine Fibrinogen 


Lysis Time of Human Clot (minutes) 
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but not in the presence of plasminogen or strepto- 
kinase alone. These resuits indicate the activa- 
tion of a proteolytic enzyme in the bovine fibrino- 
gen preparation by the mixture of SK plus human 
plasminogen. 

Figure 2B illustrates the effect of bovine fibrino- 
gen, due to its bovine plasminogen contaminant, 
on fibrinolysis of a human clot. For this experi- 
ment, various amounts of bovine fibrinogen in 0.5 
ml. buffer were added to 0.5 ml. of 0.5 per cent hu- 
man fibrinogen. One thousand units of strepto- 
kinase in 0.1 ml. were then added and the mixture 
clotted by the addition of 1 unit of human throm- 
bin in 0.1 ml. buffer. The lysis time of the clots 
were then measured. The data in Figure 2B. re- 
veal that significant fibrinolysis appeared with 
the incorporation of small amounts of bovine 
fibrinogen in the test system, and was progres- 
sively accelerated with increasing amounts of bo- 
vine fibrinogen. With the test system employed, 
a concentration of 0.25 per cent bovine fibrinogen, 
the amount used in the routine fibrinolytic assay, 
produced clot lysis in 12 minutes. 

These observations have been confirmed on all 








16 20 
% Bovine Fibrinogen 


04 08 12 


Fic. 2. A. AcTIVATION OF A ProTEoLyTICc ENzyYME IN BovINE FrprINnoGEN REAGENT 
BY STREPTOKINASE IN THE PRESENCE OF HUMAN PLASMINOGEN 


Proteolytic activity found was measured by casein assay (ordinate). Abscissa plots 


concentration of bovine fibrinogen in test mixture. 


added to test system. 


When SK used, 1,000 units was 


B. ACCELERATION OF FIBRINOLYSIS OF A HuMAN CLot By THE ADDITION OF BovINE 


FIBRINOGEN TO THE CLOTTING MIXTURE 


The ordinate plots the lysis time of the human clot in the presence of SK, and the 


abscissa the amount of bovine fibrinogen added to the clotting mixture. 


details. 


See text for 
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of the lots of bovine fibrinogen tested. Although 
each lot differed somewhat quantitatively in the 
amount of bovine plasminogen present, they were 
qualitatively similar. 

That these findings are attributable to a con- 
tamination of the fibrinogen with bovine plasmino- 
gen rather than associated with bovine fibrinogen 
itself was demonstrated, by studying the digestion 
of casein, or the acceleration of fibrinolysis, with 
the fluid expressed after the bovine fibrinogen was 
clotted with thrombin. Although some of the bo- 
vine plasminogen was adsorbed on the clot, suffi- 
cient amounts were present in the supernatant to 
confirm these observations. A number of at- 
tempts have been made to fractionate and con- 
centrate the bovine plasminogen in the fibrinogen, 
by the procedure used for human plasminogen. 
The bovine plasminogen, however, appears to be 
much more labile, readily denaturing at acid pH’s. 
We are pursuing this phase of the investigation, 
however, in order to determine whether the bo- 
vine plasminogen has similar characteristics to the 
human enzyme. 

Further evidence for the contamination of bo- 
vine fibrinogen with bovine plasminogen was ob- 
tained by purification of the bovine fibrinogen. 
When more highly purified bovine fibrinogen 
preparations were used as substrates in the fibrino- 
lytic assay, there was a sharp reduction in the 
measurable fibrinolytic activity of streptokinase 
activated human plasmin. For this experiment two 
samples of bovine fibrinogen (Armours Fraction I, 
and a sample of fibrinogen obtained through the 
courtesy of Dr. Walter Seegers) were further 
purified by ammonium sulfate fractionation ac- 
cording to the technique described by Laki (15). 
A purified human plasminogen preparation ® was 
assayed for its streptokinase activatable fibrinolytic 
activity utilizing each of the four different fibrino- 
gens at the same clottable protein concentration 
(0.15 per cent fibrinogen in the final clot). The 
fibrinolytic assay of the SK activated human plas- 
min with the original Armours Fraction I was 
175,000 units per mg. N. With the purified Frac- 
tion I, the assay fell to 4,400 units per mg. N, or 
one-fortieth of the original assay. With the origi- 
nal Seegers fibrinogen, the SK activated human 


® This preparation, following SK activation, had 60 
casein units per mg. N. 
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plasmin specimen assayed at 350,000 units per mg. 
N. After purification of this fibrinogen, the SK 
plasmin assayed at only 820 units per mg. N, or 
approximately one four-hundredth the original 
assay. 

Plasminogen-deficient bovine fibrinogen could 
be readily prepared by subjecting the Armours 
Fraction I to a three-fold repurification according 
to the Laki technique (15). When this prepara- 
tion was used as a substrate in the fibrinolytic 
assay, the assay of SK activated human plasmin 
was similar to that found with purified human 
fibrinogen. 

The bovine thrombin preparations used in the 
fibrinolytic assay can also be readily demonstrated 
to contain bovine plasminogen. However, in the 
amounts used in the assay (1 thrombin unit) in- 
significant amounts of the contaminating plasmino- 
gen are added, and do not affect the assay. How- 
ever, if ten or more units of thrombin are added to 
the clot, a significant effect on the assay becomes 
apparent. 


V. The influence of the bovine plasminogen con- 
taminant on the fibrinolytic assay for strepto- 
kinase activated plasmin 


It should be re-emphasized that the fibrinolytic 
assay for streptokinase activated plasmin is car- 
ried out by serially diluting the human proenzyme 
preparation and then adding an equal amount of 
bovine fibrinogen, SK and bovine thrombin to 
each of the assay tubes. Since the rapid activation 
of the bovine plasminogen contaminant of bovine 
fibrinogen requires only traces of human plasmin 
in the presence of SK, one would predict that 
while the addition of SK to a fully activated human 
plasmin preparation would not enhance the pro- 
teolytic activity, it should strikingly enhance the 
conventional fibrinolytic assay. In order to test 
this hypothesis, the spontaneously active human 
plasmin preparation, Fraction III,, was studied in 
the presence and absence of SK. This preparation 
had a spontaneous proteolytic activity of 4.3 casein 
units per mg. N, which did not increase upon the 
addition of 1,000 units of streptokinase to each 
ml. of the enzyme preparation. However, the 
fibrinolytic assay of this preparation before the ad- 
dition of SK was 32 units per mg. N, and was in- 
creased to 16,000 units per mg. N following the ad- 
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dition of SK. The lysis times of the bovine clots 
with each serial dilution of the human plasmin 
preparation, in the presence and absence of SK, 
is shown in Figure 3. 

Observations on the lysis time of the bovine 
clot, by the human plasmin preparation alone, re- 
vealed the expected relation of fibrinolysis time to 
enzyme concentration as seen with other proteo- 
lytic enzymes. Upon the addition of SK however, 
the pattern of fibrinolysis time to enzyme concen- 
tration was distinctly different. There was an 
initial zone where the lysis times were very rapid, 
but related to enzyme concentration; followed by 
a second zone where the lysis time was constant 
even though the human plasmin concentration was 
reduced 16-fold ; followed by a third and final zone 
where concentration was again related to lysis time. 

The kinetics of these observations on clot lysis 
may be explained by the presence of the contami- 
nating bovine plasminogen in constant amounts in 
all the assay tubes, and its activation by the human 
plasmin plus SK. The horizontal broken line in 
Figure 3 may be interpreted as representing the 
lysis time of the clot which would result from the 
maximal activation of the contaminating bovine 
plasminogen present. The first zone represents 
the fibrinolytic activity of the activated bovine 


plasmin plus significant amounts of proteolytic 
activity derived from the human plasmin. In zone 
two, the amounts of human plasmin present do not 
significantly affect fibrinolysis, but are adequate, 
in the presence of SK, for complete activation of 
the bovine plasminogen. In zone three, the con- 
centration of human plasmin has finally become 
a limiting factor in the activation of bovine plas- 
minogen, resulting in a progressive prolongation 
of the clot lysis time as a function of human plas- 
min concentration. 

Note that the activating function of human 
plasmin in the presence of SK, on bovine plas- 
minogen, in this experiment, is 500 times the actual 
fibrinolytic activity of the human plasmin. 


VI. Streptokinase as an essential component of 
the activating system 


Although not shown in Figure 3, and as would 
be expected, the lysis time of human clots, by 
various concentrations of the spontaneously acti- 
vated human plasmin preparation Fraction III,, 
was not effected by the addition of 1,000 units of 
SK, and was similar to that observed for the bovine 
clots in the absence of SK. These latter observa- 
tions suggest that human plasmin per se does not 
rapidly activate bovine plasminogen, and that SK 
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is an essential component of the activating system. 
This was more effectively demonstrated by study- 
ing a preparation of purified human plasminogen 
which had ben activated to plasmin by SK; then 
inactivating the SK without destroying the plas- 
min; and finally adding fresh SK to restore that 
lost by the inactivating procedure. The inactiva- 
tion of SK in the presence of purified human 
plasmin was accomplished by heating the prepara- 
tion in a boiling water bath for 15 minutes at pH 
2.0. Preliminary observations had shown that 
plasmin was stable at pH 2.0 under these condi- 
tion,’® whereas SK, in the presence of human plas- 
min, was fairly rapidly inactivated by this pro- 
cedure. 

A human plasminogen preparation containing 
0.15 mg. N per ml., and to which 17,000 units of 
SK had been added, was allowed to activate at room 
temperature for 10 minutes. Assay of the plasmin 
formed revealed 90,000 fibrinolytic units (bovine 
clot) and 28.9 casein units per mg. N. Following 
15 minutes heating at pH 2.0 in a boiling bath, the 
proteolytic assay of this preparation, when subse- 
quently adjusted to the original pH, was not sig- 
nificantly altered, but the fibrinolytic activity had 
fallen to 1,000 units per mg. N. Readdition of 
17,000 units of fresh SK restored the fibrinolytic 
assay to its original 90,000 units per mg. N. Since 
the fibrinolytic assay, under the conditions of the 
experiment cited, was primarily a measure of the 
activating function of the preparation studied, SK 
appears to be a necessary component of this acti- 
vating system. 


DISCUSSION 


On the basis of the observations cited in this 
report, it appears that the fibrinolytic activity of 
human plasmin is comparable to that which has 
been demonstrated for a number of other proteo- 
lytic enzymes. In plasma, plasmin appears to at- 
tack fibrin more readily than fibrinogen but this 
may be due, as Ratnoff has suggested, to its ability 
to activate more readily in the presence of fibrin 
(19) or to local factors existing on a plasma clot. 
The data presented indicate that the fibrinolytic 
activity of plasmin, in a more purified system, is 
predictable on the basis of its general proteolytic 
properties. That the action of this enzyme in 


10 True for purified plasmin preparations only, and not 
for plasma. 
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plasma is not restricted to fibrinogen and fibrin 
is evident from the recent studies of Pillemer, Rat- 
noff, Blum, and Lepow on complement destruc- 
tion (20), and of Ferguson, on the disappearance 
of Ac globulin (21). 

It has recently been suggested that the intra- 
venous injection of purified human plasminogen, 
which has been activated in vitro by SK, may prove 
useful as a clot dissolving agent in man (5). The 
basis for this view was the observation of signifi- 
cant circulating proteolytic and fibrinolytic activity 
following the injection of SK activated human 
plasmin into dogs. These observations however, 
have not taken into account, that this type of mix- 
ture activates the dogs plasminogen in vivo. We 
have used this procedure to activate the animals 
own plasminogen in vivo, and to evaluate plasmin 
as a clot dissolver (3). The injection of previ- 
ously activated purified human plasminogen for 
clot dissolution in man, although deserving trial, 
may not be as promising as suspected, because of 
the low order of activity of the present prepara- 
tions, as well as the obvious limitations on the 
amount of material available. However, since 
plasminogen is the naturally occurring proteolytic 
enzyme precursor of plasma, it would still appear 
that the in vivo activation of this enzyme in man, 
by the introduction of SK, may be the most desir- 
able method for directly effecting the enzymatic 
dissolution of thrombi and emboli. 

The observations described in this article reveal 
that the present assay using bovine fibrinogen and 
thrombin for the fibrinolytic activity of strepto- 
kinase activated human plasmin (14) is not a 
measure of the actual fibrinolytic activity of plas- 
min. This assay measures the activator function 
of human plasmin rather than its fibrinolytic ac- 
tivity. The activator function in the presence of 
SK can be measured with approximately 1/500 of 
the amount of enzyme actually required to lyse a 
clot in thirty minutes. The measurement of the 
actual fibrinolytic activity of SK activated human 
plasmin requires more purified fibrinogen than 
those commercially available. 

Similarly the present assay for streptokinase 
should be re-evaluated. The unit of streptokinase 
is defined as the smallest amount of SK, which in 
the presence of human plasminogen will produce 
lysis of a bovine clot in 10 minutes or less, and 
was conceived as representing the amount of 
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kinase needed to rapidly activate sufficient human 
plasminogen to lyse a clot in the period noted (14). 
Our data suggest that the unit of SK may repre- 
sent the amount of SK required in the presence 
of human plasminogen to rapidly activate the ma- 
jor portion of the bovine plasminogen contaminant 
present in the bovine reagents. 

The observations reported on in this article are 
of some interest in relation to the recent literature 
concerning a) the mechanism of activation of 
plasminogen by streptokinase, b) the presence of 
a proactivator system in blood for plasminogen 
activation, and c) the participation of a comple- 
ment-like factor in the streptokinase activation of 
human plasminogen : 

Recently, the original studies of Christensen and 
MacLoed (22) on the kinase nature of activation 
of plasminogen by SK, have been seriously ques- 
tioned (23). Wasserman, employing the fibrino- 
lytic assay, showed that the kinetics of the activa- 
tion of plasminogen by SK, is compatible with the 
interpretation of a stoichiometric reaction, and 
that the formation of plasmin does not conform to 
the kinetics of an enzymatic reaction. The amount 
of plasmin formed, in the presence of an excess of 
plasminogen, was found to be dependent on the 
SK concentration, and that at all levels of strepto- 
kinase, maximal plasmin formation occurred al- 
most instantaneously and did not increase with 
prolonged incubation. 

Although we have been able to confirm Wasser- 
man’s observations, they may not yield information 
on the kinetics of human plasminogen activation 
by SK. In the fibrinolytic assay, these kinetics 
may be masked by the activation of the bovine 
plasminogen contaminating the reagents. Studies 
on the kinetics of plasminogen activation by strep- 
tokinase are also hampered by the impurities which 
are present in the available SK preparations. Pre- 
liminary data obtained with plasminogen-deficient 
fibrinogen are still in agreement with the initial 
observations of Wasserman, and suggest that the 
mechanism by which streptokinase activates hu- 
man plasminogen may require further clarification. 

The demonstration of bovine plasminogen acti- 
vation by SK in the presence of human plasma, 
by Mullertz and Lassen (24) led him to hypothe- 
size the presence of a proactivator in human plasma 
which was activated by SK, and that this activa- 
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tor now converted human and all other animal 
plasminogens into plasmin. We are inclined to 
identify this activator function of human plasma, 
in the presence of SK, to human plasminogen or 
plasmin itself. This viewpoint is based on a) 
purification data (12); b) the trace quantities of 
purified human plasminogen or plasmin prepara- 
tions required; c) plasmin or plasminogen inacti- 
vation causing the loss of activator function; and 
d) inactivation of streptokinase, following its ad- 
dition to human plasminogen or plasmin, results 
in an immediate loss of activator function; and is 
promptly restored by the addition of fresh SK. 

The recent suggestion of Geiger that a comple- 
ment-like factor participates in the activation of 
human plasminogen (25) was based on the marked 
increment of proteolytic activity which followed 
the addition of fresh animal sera to a mixture of 
SK and heated human globulin preparations. The 
heating of the human globulin was shown to in- 
activate most, but not all, of the human plasmino- 
gen. The observations cited in this report suggest 
that Geiger’s results may be alternatively explained 
as a demonstration of the activation of the plas- 
minogen of the various animal sera by the mix- 
ture of small amounts of human plasminogen and 
SK, without invoking the participation of another 
factor. 

The mechanism for the activation of animal 
plasminogen by streptokinase in the presence of 
human plasminogen or plasmin is obscure. It can 
be shown that the presence of animal plasminogens 
does not enhance the ability of SK to activate hu- 
man plasminogen. Our working hypothesis is 
that the plasma inhibitor to the activation of the 
various animal plasminogens by streptokinase has 
a much greater affinity for human plasminogen or 
plasmin than it does for its respective plasminogen. 
The addition of the human factor results in a re- 
lease of the animal plasminogen for activation by 
streptokinase. An alternative view, also under 
exploration, is that the rapid activation of plasmi- 
nogen is carried out by a SK-plasmin complex, and 
that human plasmin combines more readily with 
SK in this respect than the plasmin of other ani- 
mals. 

SUMMARY 


1. The ratio of fibrinolytic to proteolytic ac- 
tivity of human plasmin, in more purified systems, 
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is of the same order as that shown by trypsin 
and chymotrypsin. 

2. Streptokinase, in the presence of minute 
amounts of human plasminogen or human plasmin, 
activates the bovine plasminogen contaminating 
the bovine fibrinogen in the fibrinolytic assay. 

3. The fibrinolytic assay for streptokinase acti- 
vated human plasmin, as presently employed with 
bovine fibrinogen and thrombin, measures the ac- 
tivator function of the human enzyme rather than 
the fibrinolytic activity of the human plasmin. 
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The present study is concerned with the opera- 
tion by which the kidney, during antidiuresis, 
conserves water for the body by elaborating a urine 
osmotically more concentrated than the blood. 

It is appropriate to emphasize that in the mam- 
mals the osmotic pressure of the plasma and the 
interstitial fluid is one of the most closely guarded 
of all the homeostatic states, and that the kidney 
is chiefly responsible for the regulation of this os- 
motic pressure within narrow limits. Osmotic 
dilution of the plasma is normally offset by the 
excretion of a urine osmotically more dilute than 
the plasma, as in water diuresis, while an increase 
in osmotic concentration of the plasma is offset by 
the excretion of urine osmotically more concen- 
trated than the plasma. The present paper is con- 
cerned only with the mechanism of the excretion 
of a hypertonic urine. 

That no osmotic concentration is achieved in the 
separation of the glomerular filtrate is established, 
to the satisfaction of all investigators, by the well 
known micropuncture studies of Richards and his 
coworkers in the Amphibia, and Walker, Oliver, 
and their coworkers in the guinea pig, rat and 
opossum. These studies have also demonstrated, 
at least under the recorded experimental conditions, 
that the urine remains isosmotic with the plasma, 
or nearly so, throughout the length of the proximal 
segment, at a time when the bladder urine may be 
concentrated osmotically to a considerable extent. 
Unfortunately, such micropuncture studies as are 


1 This investigation was supported in part by a re- 
search grant (USPHS H-1172 (C)) from the National 
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8 The substance of this paper has been reported in a 
preliminary way by the senior author (Smith, Federa- 
tion Proc., 1952, 11, 701; also in Symposium on renal 
function in infancy, M and R Corporation, Buffalo, March 
3 and 4, 1953). 


available have failed to explore the question of 
just where, in the more distal portion of the 
nephron, osmotic concentration is effected, whether 
in the distal segment (which can be differentiated 
cytologically into at least two portions), or in the 
collecting ducts, or both. We are here not pri- 
marily concerned with this anatomical question, 
but rather with the quantitative evaluation of the 
overall osmotic operation. 

In the process of osmotic regulation as observed 
during antidiuresis (i.e., in the hydropenic state 
or during the administration of antidiuretic hor- 
mone) the kidney separates from the plasma more 
osmotically active material than water, and thus 
produces a urine that is osmotically more con- 
centrated than the plasma. The volume of plasma 
cleared of osmotically active material is calculated, 
as with any clearance, as the rate of excretion of 
osmols per minute, UosmV, divided by the osmotic 
concentration of the plasma, Posm. The osmotic 
concentrations in urine (Uosm) and plasma (Posm) 
are measured by the reduction of freezing point 
or, alternatively, the reduction of vapor pressure 
of urine and plasma, respectively, and V signifies 
the urine flow in ml. per min. It is convenient to 
designate this osmolar clearance, UosmV/Posm, aS 
Cosm, Which has the same connotation as other fa- 
miliar clearance expressions and refers to the rate 
of clearance from the plasma of all osmotically 
active material, irrespective of its nature. 

Reasons will be given later to support the belief 
that an osmotically concentrated urine is elaborated 
by the subtraction of water from the isosmotic 
glomerular filtrate rather than by the addition of 
solutes. The quantity of water so abstracted per 
minute has been designated as T°H,0 by Wesson 
and Anslow (1) the superfix ¢ serving to identify 
it as the quantity of water abstracted in the con- 
centrating operation.‘ This moiety of water is 


4This term was originally designated as T*H.o by 
Smith (2) but T‘x.0 is clearly better since it is indicative 
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given by the osmolar clearance minus the urine 
flow: 


(1) 


This study is concerned with the urinary con- 
centrating operation, as represented by equation 
(1), during progressively increasing osmotic 
diuresis induced by mannitol in hydropenic and 
hydrated subjects, with and without the simul- 
taneous administration of Pitressin.° 


T°H.0 = Com — V 


METHODS 


Our observations have been made on subjects who had 
been admitted to Bellevue Hospital for minor or elective 
surgery or were about to be discharged after such surgery. 
They were selected with care to exclude cardiovascular 
or renal disease, and ranged in age from 15 to 46 years. 
Prior to observation they had been on the regular ward 
diet and unrestricted salt intake.6 Except where other- 
wise noted, they had taken no fluids during the previous 
12 to 14 hours. In no case were they prehydrated in the 
sense of Ladd, 8 to 13 hours before the experiment (5), 
and it is assumed that their physiological state was that 
of individuals consuming only moderate quantities of 
fluid up to the time of fluid restriction. 

Observations were made in the forenoon while the 
subjects were in the fasting state. To induce progressive 
and controllable osmotic diuresis, 10 per cent (hypertonic) 
mannitol solution was administered by a constant-rate 
infusion pump at a speed of 20 ml. per min., or a 5 per 
cent (isotonic) solution was administered at rates up to 
40 ml. per min. Urine was collected by an indwelling 
bladder catheter at intervals of approximately 10 min- 
utes and the bladder emptied with air and manual com- 
pression. Blood was drawn through a retention needle 
from the antecubital vein into heparinized syringes and 


of the qualitative nature of the process. Brodsky, Rapa- 
port, and West (3) have called this moiety the water 
economy of the kidney and indicated it as H,Ogz,. Brod- 
sky (4) reports that during hydropenia and mannitol diu- 
resis in man, this term reaches a level of 5 to 7 ml. per 
min. at urine flows exceeding 4 ml. per min., with small 
change at urine flows up to about 9 ml. per min. 

5 The present investigation had its origin in Ladd’s (5) 
observation that in subjects who have been prehydrated 
with a massive dose of water 8 to 13 hours before exami- 
nation, the infusion of saline coupled with Pitressin leads 
to copious saline diuresis in which a constant quantity 
of water (ca. 2.0 ml. per 100 ml. of glomerular filtrate) 
was abstracted from an isosmotic urine. 

® Because of the widespread use of antibiotics pre- 
and postoperatively, it was unavoidable that over half 
of the subjects had received such medication, usually 
penicillin. No one, however, had received an antibiotic 
within 12 hours of study. 
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centrifuged immediately in rubber-capped tubes, and the 
plasma separated and stcred in stoppered tubes. 

The freezing-point method of Wesson (6), utilizing a 
thermistor, was used to measure the osmotic pressure of 
plasma and urine. To exclude a possible source of error, 
the osmotic pressure of arterial and venous blood drawn 
early during the infusion of 10 per cent mannitol at 20 
ml. per min. was compared and found to agree within 
one per cent. The same osmotic pressure was observed 
when one part of a sample of blood was centrifuged under 
oil, the other in a capped tube but in contact with air. 

The filtration rate was measured by the inulin clear- 
ance (Cin). The inulin was administered at a constant 
rate, after an initial priming dose, by a second infusion 
pump. The resorcinol method of Roe as modified by 
Schreiner (7), was used for the determination of inulin 
in unyeasted urine and cadmium sulfate filtrates of 
plasma. In the calculation of the inulin and osmotic 
clearances a delay time of 2.5 minutes was allowed. 

Sodium and potassium were determined with a Perkin- 
Elmer flame photometer (model 52A). 
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Fic. 1. EXAMINATION OF THE RENAL CONCENTRATING 
OPERATION IN Two Hypropenic Susjects REcEIvinc 10 
Per CENT MANNITOL INTRAVENOUSLY 

The solute-free water abstracted from the urine is 
shown by the horizontal difference between the experi- 
mental curve and the isosmotic parameter. The slope in 
No. 24 is 1.063, and in No. 16 is 0.969. In so far as this 
slope deviates significantly from 1.0, T°H.0 is not con- 
stant, and for the purposes of this paper the value inter- 
polated when V = 20 ml. per min. has been reported in 
the tables. Possible reasons for inconstancy are discussed 
in the text. 
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TABLE I 
Osmotic diuresis (10 per cent mannitol) in hydropenic subjects 








12 
Mean 
inulin 

clearance 
per 1.73 
sq. m. 


7 8 
Regres. TeH:0 
coeff. per 1.73 9 10 11 
(slope) sq.m. Posm range Pna range Px range 
mosm/L. mEq./L. mEq./L. ml./min- 
287-288 146 5.1-4.9 117 
280-289 144 4.4 104 
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* Rapid osmotic diuresis unexpectedly occurred early after the start of the mannitol infusion. 


t Found at operation to have carcinoma of the stomach, and longstanding urethral stricture. 


was low during the test. 


Each series of observations on any one subject con- 
sisted of from 5 to 12 or more consecutive urine-collection 
periods obtained during increasing diuresis. The obser- 
vations were generally continued until the urine flow 
had been increased by osmotic diuresis to 30 ml. per min. 
or more. 

In afl, 52 series of observations were made on 31 sub- 
jects; of these, 2 series on each of 3 subjects were made 
to check reproducibility. 


RESULTS 
Hydropenia without Pitressin 


Twenty-one studies, on as many subjects (12 
males and 9 females), were made postabsorptively 
and after abstinence from all fluids for 12 to 14 
hours. Two to three liters or more of 10 per cent 
mannitol (20 ml. per min.) were generally re- 
quired to establish a urine flow of 30 ml. per min. 
No Pitressin was administered, and no additional 
water was given during the test except in the form 
of occasional small pieces of ice to quench thirst. 
Smoking was not restricted. 


Sodium excretion 


Figure 1 shows a series of observations from 
one subject (No. 16) in this group. The osmolar 
clearance, Cosm, is here plotted against the simul- 
taneous urine flow, V. In interpreting this figure 
it should be noted that if the glomerular filtrate un- 
derwent no osmotic concentration or dilution, the 
osmolar clearance would be identical with the 
urine flow over the whole range of observation, 
1.e., all the data would fall on the bisector, which is 
here labeled the ‘isosmotic parameter’ (8). How- 
ever, the osmolar clearance always exceeds the 
urine flow, the relations between the two being 
such that the data generate a linear regression line 
displaced to one side of the isosmotic parameter by 
a nearly constant amount, and having a slope of 
approximately 1.0. This regression line has been 
designated as the hypertonic parameter, an expres- 
sion first used by Ladd (5, 8). 

There are only two operations by which the 
kidney can transform the glomerular filtrate from 
the isosmotic to the hypertonic state: namely, by 
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the addition to the urine of solute without water, 
or by the removal of water without solute.’ Dur- 
ing mannitol infusion, the urine flow is increasing 
primarily because of increasing quantities of man- 
nitol claiming excretion, and the predominant uri- 
nary solutes are mannitol and sodium chloride.® 
The concentration of potassium is negligible. The 
first explanation would require that mannitol or 
sodium be excreted by the tubules; since it is 
known that mannitol is excreted solely by filtration, 
and since there is no evidence for the tubular ex- 
cretion of sodium, this explanation is unacceptable. 

Alternatively, given a variable volume flow of 
isosmotic urine down the tubules, the rate of flow 
being determined inter alia by the amount of un- 
reabsorbed mannitol, passage from the isosmotic 
to the hypertonic state could be effected by the 
reabsorption of water, thus reducing the urine flow 
below the simultaneous osmolar clearance. This 
is the interpretation which we propose, and in 
Figure 1 this quantity of reabsorbed water is desig- 
nated as T°1,0. 

Table I summarizes the pertinent data on the 21 
subjects in this group. Columns 1 to 4 of this 
table are self-explanatory; column 5 records the 
range of urine flow involved in the calculations 
shown in columns 6, 7, and 8; for reasons which 
will be discussed later, observations at urine flows 
below a critical value, which varies in different 
subjects, are excluded from these calculations. 
Column 6 records the coefficient of correlation 
calculated for linear regression. Column 7 re- 
cords the slope of the regression line (regression 
coefficient). Column 8 records T°H.0 (corrected 
to 1.73 sq. m. S.A.) as determined arbitrarily at a 
urine flow of 20 ml. per min. Columns 9, 10, and 
11 record the extremes of plasma osmolarity, so- 
dium concentration and potassium concentration, 
respectively, at the minimal and maximal urine 
flows used in the calculations of columns 6 and 
7. The average pre-infusion values of these terms 
are given at the bottom of the table. The last col- 
umn records the average inulin clearance (cor- 


7 Presumably this operation is carried out low in the 
nephron, after the glomerular filtrate is substantially re- 
duced in volume by isosmotic salt and water reabsorption. 

8 As calculated from 10 subjects in Group I, mannitol 
supplies about two thirds of the osmotic pressure of the 
urine at a urine flow of 20 ml. per min. 
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rected to 1.73 sq. m. S.A.) during the entire dura- 
tion of the mannitol infusion.® 

The most striking feature of these data is the 
high coefficient of correlation for linear regression, 
which is invariably in excess of 0.995 (see column 
6 of Table 1), implying both considerable reliability 
in the individual observations and regularity in 
the underlying physiological processes. 

The next most striking feature is the extent to 
which the slope of the regression lines in various 
subjects approaches unity; the mean slope in the 
21 subjects in Table I is 1.033 + 0.075, yielding a 
coefficient of variation of only 7 per cent. In 15 
out of 21 subjects, the deviation of slope from 1.00 
is less than + 10 per cent. The extent to which 
the slope approaches 1.00 over a wide range of 
urine flow is substantial evidence that the concen- 
trating process operates basically by the extraction 
of an approximately constant quantity of water 
(identified in Figure 1 as T°H,0) from a variable 
volume of isosmotic urine. However, since the 
slope of the regression line in some subjects does 
in fact deviate significantly and consistently from 
1.00, T°H,0 must tentatively be determined at an 
arbitrarily selected urine flow. For the purposes 
of this discussion only, we have chosen a urine flow 
of 20 ml. per min. At this urine flow, T°H,0 in 
these 21 subjects has an average value of 5.1 ml. 
per min. per 1.73 sq. m. body surface area. This 
average value has a high standard deviation (1.5) 
and coefficient of variation (29.4 per cent), but it 
must be emphasized that nothing is known con- 
cerning the possible effects of age, sex, diet, nu- 
trition, or other factors on the concentrating op- 
eration, and also that the calculation at a urine 
flow of 20 ml. per min. is itself arbitrary. 

Between the lowest and highest urine flow, the 
average plasma osmolarity increased (from 288 to 
295 mosm per liter, as shown in column 9) in 
consequence of the infusion of hypertonic man- 
nitol. This represents an increase of about 2.4 per 
cent and, added to pre-existing hydropenia, may 

® Until near the conclusion of this work, commercial 
inulin was not routinely tested for hydrolysis, and it was 
subsequently discovered that in some of the ampouled 
material then in use a considerable fraction of the ‘inulin’ 
was fermentable by yeast and represents low molecular 
weight oligosaccharides, a circumstance that may have 
given erroneously low figures for the filtration rate. We 


therefore place little emphasis on this datum except as 
reflecting changes in filtration rate in any one subject. 
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have served to sustain endogenous antidiuretic 
hormone secretion. 

The average plasma sodium concentration de- 
creased from 135 to 127 mEq. per liter in conse- 
quence of dilution of body fluid by the infusion, 
withdrawal of water from the cells, and increased 
urinary excretion of sodium. No clinical evi- 
dences of hyponatremia were encountered. 

The average plasma potassium concentration 
increased from 4.50 to 4.90 mEq. per liter. 

The filtration rate underwent negligible changes 
in consequence of the mannitol infusion, some sub- 
jects showing a slight decrease toward the end of 
the experiment, others showing a slight increase. 


Pitressin in variously hydrated subjects 


In 13 of the 21 subjects reported above (7 male, 
6 female) a second series of observations was made 
with mannitol plus Pitressin immediately after 
completion of the observations with 10 per cent 
mannitol alone. At the maximal urine flow shown 
in Table I, the mannitol infusion was stopped and 
the subject was given one liter of water to drink 
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to ameliorate the rather severe dehy jration oc- 
casioned by the preceding osmotic diuresis. Pitres- 
sin (Parke, Davis & Co.) was given intravenously 
in a priming dose of 100 mU over a period of 3 
to 4 minutes, followed by a sustaining infusion at 
a rate of 1 to 2 mU per Kg. per hr. up to the end 
of the test.*° One to one and one-half hours after 
the ingestion of water, at a time when the urine flow 
had fallen to some 8 to 10 ml. per min. in conse- 
quence of the elimination of the mannitol that had 
been administered previously, the second infusion 
of mannitol was started. Seven of the 13 subjects 
received 10 per cent mannitol at a rate of 20 ml. 
per min. (Subjects Nos. 1-6 and 15) ; the rest re- 
ceived a 5 per cent solution at rates of 30 ml. to 
40 ml. per min., the intention being to attain as 
high a urine flow as possible within the practicable 
time of 1 to 14% hours. The observations on these 
13 subjects are recorded in Table II. 

10 Possible inactivation of Pitressin in the infusion was 
examined in two subjects by doubling the sustaining dose 
in one (No. 24 see Figure 1) and by introducing a fresh 
solution midway in a test in the other one. There was no 
change in slope or T°H.0. 


TABLE II 
Re-examination of 13 of the subjects reported in Table I. Osmotic diuresis (5 and 10 per cent mannitol) in 
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* 10 per cent mannitol solution. 
! 5 per cent mannitol solution. 
Not rehydrated. 
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TABLE III 


Osmotic diuresis in hydrated subjects receiving Pitressin and 5 to 12.5 per cent mannitol solution 
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As between hydropenia alone and hydropenia 
combined with Pitressin, the mean slope changed 
from 1.033 to 1.020, a change to which no sig- 
nificance can be attached at this time. The slope 
decreased under Pitressin in 11 subjects, and in- 
creased in 2. 

The mean value of T°H,0 increased from 4.9 + 
1.8 during hydropenia to 5.7 + 2.0 during Pitres- 
sin. Nine subjects showed an increase in this 
value, 2 showed a decrease, and 2 did not change. 
Whether the change in mean value is significant 
is difficult to say because of the small number of 
subjects studied. Moreover, the conditions of 
the two tests with respect to the plasma sodium 
concentration and final osmolarity were not identi- 
cal; also in the second series the subjects were ini- 
tially in a more dehydrated state than in the first, 
despite the administration of water, a circum- 
stance that may have influenced the concentrating 
mechanism itself. Therefore, we do not believe 
that the differences in the two series with respect 
to T°H,0 necessarily indicates that Pitressin plus 
hypertonic mannitol induces more effective anti- 
diuresis than hydropenia alone, an inference which 
is borne out by more critical experiments to be 
reported later. 


Pitressin superimposed on hydrution 


Eight subjects (2 male, 6 female) in various de- 
grees of hydration (breakfast with coffee or in 
some instances as much as a liter of water) were 


examined with 5 to 12.5 per cent mannitol at in- 
fusion rates ranging from 20 to 40 ml. per min. and 
Pitressin in a priming dose of 50 to 100 mU fol- 
lowed by a sustaining infusion (Table III). This 
group shows the lowest average slope (0.917 + 
0.058) of any in our series. The mean value of 
T°H,0 (4.1 + 1.0) in this series is lower than that 
recorded in Table I (5.1 + 1.5). The group, how- 
ever, is small and contains a preponderance of 
females (in whom all reported renal functions 
are less than in males), and again we cannot argue 
confidently that this difference has physiological 
significance, 

Also recorded in Table III are observations on 
two hydropenic women (Nos. 24 and 25) in- 
fused with 10 per cent mannitol and Pitressin as 
described in the preceding paragraph. Since they 
received Pitressin they cannot be included with 
the patients listed in Table I, and since they were 
hydropenic they cannot be included with the sub- 
jects listed in Tables II and III. Both show a 
slope and correlation coefficient close to 1.0. Sub- 
ject 24 is recorded in Figure 1. 

Reproducibility in two consecutive tests made 
under identical conditions and on the same morn- 
ing was examined in one hydropenic subject em- 
ploying hypertonic mannitol alone (No. 7), and 
in two hydrated subjects employing isotonic man- 
nitol and Pitressin in the priming and sustaining 
dosage used before. T°H,0 per 1.73 sq. m. in- 
creased from 4.2 in the first test to 5.3 in the sec- 
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ond test in the hydropenic subject, possibly be- 
cause of the cellular dehydration occasioned by the 
first test. In the two hydrated subjects T°H.0 
showed no change between the two tests. 


Pitressin given in the course of hypertonic man- 
nitol infusion 


In order to eliminate complicating factors such 
as variable degrees of dehydration, etc., which are 
difficult to avoid in duplicate tests on the same 
subjects, Pitressin was added to an infusion of 
hypertonic mannitol midway in a_ continuous 
test in 6 hydropenic subjects. The first part of 
the test for these 6 subjects is reported in Table 
I (Nos. 18 to 23). Pitressin (priming and sus- 
taining as described before) was added at the 
time when the maximal urine flow, as recorded in 
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Fic. 2, THe Errects oF PITRESSIN ON SLOPE AND 
T‘H.0 WHEN ADDED IN THE CoURSE OF A HYPERTONIC 
MANNITOL INFUSION IN HypropENIC SUBJECTS 

The data on osmolar clearance and urine flow are 
plotted electively in order to bring into coincidence the 
time of Pitressin administration, and consequently the 
actual values of T°H.0 are not revealed by the graph. 
The slope, however, is not affected by this method of 
plotting. The data on the sodium clearance represent ab- 
solute values. 
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Table I, had been attained, and without changing 
the rate or concentration of the mannitol infusion 
(10 per cent). Observations were continued for 
3 to 10 urine collection periods, at which time the 
urine flow had reached rates of 25 to 30 ml. per 
min. 

The results of these observations are illustrated 
in Figure 2, where the data on osmolar clearance 
and urine flow are plotted in such a manner as 
to bring into coincidence the time of Pitressin ad- 
ministration. These data show that the addition 
of Pitressin to a hypertonic mannitol infusion in 
hydropenic subjects has at most a slight effect on 
either the slope or T’H,0 (the actual values of 
the latter are not revealed in Figure 2 because of 
the use of elective coordinates). The observed 
deviations are fleeting in nature and small in mag- 
nitude, and appear to be referable to secondary, 
unidentified factors. We interpret these obser- 
vations as indicating that hydropenia plus hyper- 
tonic mannitol produces maximal antidiuresis, and 
that the larger series of observations reported in 
Table I were obtained under maximal antidiuresis. 
This statement probably also applies to the sub- 
jects reported in Tables II and III with the quali- 
fication that the physiological status of these sub- 
jects was not the same as in those reported in 
Table I. 

As a matter of interest, we have included in 
Figure 2 the sodium clearance, as related to urine 
flow, also plotted electively so as to bring into 
coincidence the administration of Pitressin. It is 
known that osmotic diuresis increases sodium ex- 
cretion, a fact shown here by the progressive in- 
crease in sodium clearance as the urine flow in- 
creases. The administration of Pitressin does not 
appear to modify the uniformity of this relation. 

It may also be recorded that Pitressin did not 
change the filtration rate, as shown by comparing 
the averages of two 10 min. periods immediately 
before and after Pitressin. The differences ranged 
from — 1 to + 8 ml. per min., which fall within 
the error of the method. In this observation we 
confirm Maxwell, Breed, and Smith (9). 

The results presented in Figure 2 show that as 
between hydropenia plus hypertonic mannitol, on 
the one hand, and hydropenia plus mannitol and 
Pitressin on the other, there are no essential dif- 
ferences in slope, T°H,0, or sodium excretion, nor 
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is there a perceptible change in the filtration rate, 
and it is therefore inferred that the action of Pitres- 
sin (in physiological doses) on the kidney is iden- 
tical with that of the endogenous antidiuretic hor- 
mone. We believe that all our data are in agree- 
ment with this conclusion. 


Effect of Mercuhydrin® 


When 1 ml. of Mercuhydrin® was administered 
intravenously to 2 hydropenic subjects midway in 
time during 10 per cent mannitol plus Pitressin 
infusion, urine flows of 31 and 35 ml. per min. 
were reached, with no change in T°H.0 in one 
patient and possibly a slight decrease in the other. 
This observation confirms Ladd’s (5) conclusion 
that Thiomerin® has no effect on the reabsorption 
of such water as is involved in the renal concentrat- 
ing operation, a conclusion which may be in- 
ferred from the data of Welt, Goodyer, Darragh, 
Abele, and Meroney (10) though it is not so 
stated by these writers. Similarly, Page, Scott- 
Baker, Zak, Becker and Baxter (14) have found 
that Thiomerin® is without effect on the concen- 
trating mechanism in the marine seal, P. vitulina. 


DISCUSSION 
Slope of the regression line relating Com to V 


For T°H,0 to be constant, it is required that 
the slope of the curve relating Co. to V must be 
1.00 at all urine flows. The mean slope in the 31 
subjects (derived from single tests or the first 
of duplicate tests) is 1.003 + 0.083 (coefficient of 
variation 8.5 per cent), but the range is from 0.83 
to 1.16. 

If one allows an error of 5 per cent for methodo- 
logical variations, T°H,0 has been found to be 
constant in only 12 out of 31 subjects (counting 
only single tests or the first one of duplicate tests 
on the same subject on the same day) and in only 
23 out of 44 tests counting all tests separately. 
With respect to slope, the 31 subjects referred to 
above are nearly equally divided above and below 
1.0. 

In considering the possible reasons why the slope 
deviates from 1.0 in some subjects, it is important 
to note that any one subject, during consecutive 
observations extending over a period of two to 
three hours, reveals remarkable constancy in be- 
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havior as shown by the fact that the coefficient of 
correlation (relative to linear regression) of 
Cosm On V is invariably above 0.995, and frequently 
above 0.999.11_ This constancy in behavior is ap- 
parent even in subjects with a slope significantly 
greater or less than 1.0, as is shown by No. 24 in 
Figure 1, where the slope is 1.063 and the corre- 
lation coefficient is 0.9997, and by No. 14, who on 
two occasions showed the lowest slope of any sub- 
ject studied (0.863 in Table I and 0.832 in Table 
II), and for whom the correlation coefficient was 
0.9998 and 0.9997, respectively. This subject is 
illustrated in Figure 3, and it will be seen that 
in one test slightly hypotonic urine was excreted 
at urine flows above 33 ml. per min. This con- 
sistency suggests that we are dealing with factors 
which systematically affect the slope and which 
continue to operate in a regular manner in any 
one subject in observations extending over a pe- 
riod of several hours, and despite marked changes 
in urine flow. 

Several factors which might contribute to vari- 
ability in slope have been considered, but no one 
of them, or no two of them in combination, can be 
reconciled with the experimental data. A slope 
less than 1.0 could be explained during antidiuresis 
by the delivery of hypotonic urine to a distal con- 
centrating mechanism which operated under the 
limitations of a fixed rate of reabsorption of wa- 
ter; but this explanation would require that the 
tubular urine/plasma osmotic ratio remain con- 
stant despite wide changes in urine flow induced 
by osmotic diuresis, a condition which renders 
the explanation implausible. Loss of Pitressin 
activity or too small a dose of Pitressin has been 
excluded as a cause of a slope less than 1.0 (Nos. 
17 and 24). 


11 A similar high coefficient of correlation is shown be- 
tween Una V/kPxra wCr and V/wCr in Ladd’s (5) study 
of saline diuresis in prehydrated subjects who were re- 
ceiving Pitressin. 

In Ladd’s studies, T°H.0 as calculated from sodium ex- 
cretion alone had a value of only 2 ml. per min. per 100 
ml. of glomerular filtrate. We cannot make an exact com- 
parison with our figures because of some uncertainty in 
our data for the inulin clearance, but our average figure 
is 5.1 ml. per min. per 100 ml. of filtrate, a figure that is 
probably not very much in error. The remarkable differ- 
ence in these figures may possibly be related to the fact 
that Ladd’s subjects were prehydrated 8 to 13 hours be- 
fore or to the fact that the loading substance was NaCl 
in Ladd’s study. 
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SUBJECT NO. 44 


MANNITOL 


Cosm cc/un. 





O FIRST EXAMINATION WITH 10% 


& SECOND EXAMINATION WITH 10% 
MANNITOL AND PITRESSIN 


<—- SODIUM CLEARANCE 
cc/MIN. ———> 





1 e 





25 30 


V cc/uin. 


Fic. 3. Dupticate EXAMINATION OF ONE Susject, First in THE Hy- 
DROPENIC STATE WITHOUT AND THEN WITH PITRESSIN AFTER PARTIAL 


REHYDRATION 


Hypertonic mannitol was used in the first test, isotonic in the second. 
This subject showed the lowest slope of all subjects examined. 


Conversely a slope greater than 1.0 could be 
explained by the delivery to the concentrating 
mechanism of urine which is consistently hyper- 
tonic, but this speculation is contrary to such in- 
formation as is available on the composition of 
the urine in the proximal tubule. 

A consistent over- or underestimation of the 
plasma osmolarity {method error) can be ruled 
out as causing the slopes to differ from 1.0, as 
both the plasma and the urine samples of each pa- 
tient were measured consecutively and no longer 
than 2 to 3 hours after conclusion of the experi- 
ment. 

Gradual attainment of the maximal antidiuretic 
state would increase the slope above 1.0, but 
our observations indicate that maximal antidiure- 
sis is attained early in the tests and is not signifi- 
cantly enhanced by the administration of Pitressin. 
A slope greater than 1.0 would also be obtained if 
maximal activity in the concentrating mechanism 
were approached asymptotically with increasing 
urine flow, but the fact that the correlation coeffi- 
cient is greater than 0.999, even in those subjects 


in whom the slope of the regression line exceeds 
1.0, argues against this assumption. 

Dead space error of significant magnitude would 
tend to lower the slope during ascending urine 
flows, but in a non-linear manner and with 
negligible effects at high urine flows. In no case 
could it produce a slope above 1.0.12, Nor does 
it seem possible to explain the deviations in slope 
by progressive changes in the volume of the dead 
space, or by the use of an incorrect delay time 
correction. 

As matters stand, therefore, we are unable to 
find any satisfactory explanation for the fact that 
the slope of the regression line of C..m on V shows 
the range it does. 

Throughout the experimental part of this paper 


12 All observations reported in the body of the paper 
were made during increasing osmotic diuresis, but two 
subjects were also examined during descending diuresis. 
In both individually, the slope was slightly less during 
the descending than during the ascending phase, a result 
contrary to what would be anticipated if dead space er- 
ror were significant. 





FORMATION OF OSMOTICALLY CONCENTRATED URINE 


we have used the designation T“s,0 to indicate 
the water abstracted from the urine in raising: it 
to the hyperosmotic state. We believe that our 
observations can be interpreted as indicating that 
during antidiuresis the concentrating mechanism 
operates essentially by the removal of a constant 
quantity (in ml. per min.) of solute-free water. 
The magnitude of this constant quantity we con- 
sider a fixed renal function under carefully con- 
trolled circumstances, a qualification which it is 
difficult to realize experimentally. This hypo- 
thesized function can be designated as T?,H.0, the 
addition of the letter m indicating that the operation 
represented by T°H,0 has a limiting maximal 
value. This limiting maximal rate, however, may 
be subject to secondary factors and if such arise 
in the course of the experiment (e.g., progressive 
dehydration) the slope of the regression line will 
be affected. 


Limiting osmotic U/P ratio 


The relationship indicated by the regression 
line of Cogm On V obviously cannot hold when the 


urine flow has a value less than T°H,0 and at 
low urine flows a new limitation, the maximal 
osmotic U/P ratio, is imposed on the process of 


urinary concentration (8).1° A constant osmotic 
U/P ratio requires direct proportionality between 
Cosm and V, and data conforming with a constant 
osmotic U/P ratio will fall on a regression line 
intersecting the ordinates and abscissae at zero, 
such as the short line shown at the extreme left of 
Figure 1. No special effort has been made in this 
study to examine the maximal osmotic U/P ratio 
at low urine flows, but it is apparent from unpub- 
lished experiments that a maximal osmotic U/P 


18 In the majority of our subjects the osmotic U/P ra- 
tio in the control urine after 12 to 14 hours without fluids 
ranged from 2.5 to 3.87. Most of our figures are signifi- 
cantly lower than those reported by other investigators, 
for reasons unknown to us. 

A possible explanation may be the following: All the 
patients were ambulatory. On reaching the ‘unit’ after 
a 3-minute walk they were put to bed and catheterized. 
The urine found in the bladder was discarded and the 
control urine was collected over a period of 20 to 30 
minutes. We have noticed in several patients that the 
control urine elaborated in the supine position was mark- 
edly lighter in color than the discarded urine elaborated 
during the erect position; this was particularly striking in 
2 rather anxious patients. 
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ratio can be reached only when the osmolar clear- 
ance is small, and that the transition from the one 
regression line to the other is gradual and charac- 
terized by significant splay. It is because of this 
gradual transition from one regression line to the 
other that we have necessarily excluded from 
our analysis data at lower urine flows where this 
transitional area has been entered. The lower 
limit of V at which linear regression ceases has 
ranged from 3 to 8 ml. per min. in different indi- 
viduals. 


Osmotic U/P ratio during osmotic diuresis 


As the urine flow increases during antidiuresis 
in consequence of an increasing osmolar clearance, 
the osmotic relations between blood and urine 
pass gradually from the parameter determined 
by the limiting osmotic U/P ratio to the parameter 
determined by T*H,0, so that the osmotic U/P 
ratio decreases asymptotically from the maximal 
osmotic U/P ratio to approach a value of 1.0 at 
large urine flows, giving rise to the approximately 
hyperbolic relationship originally described by 
Hervey, McCance, and Tayler (11) and subse- 
quently by Rapoport, Brodsky, West, and Mackler 
(12). 


Observation on the dog and seal 


Since this work was initiated, a similar investi- 
gation in the dog has been completed and reported 
from this laboratory by Page and Reem (13), who 
conclude that at urine flows ranging from 11 to 28 
per cent of the filtration rate, T°H,0 had reached 
maximal values (7.6 and 6.2 ml. per min. per 100 
ml. of filtrate), as judged by constancy and re- 
producibility, but the data do not rule out an 
asymptotic approach to these or slightly higher 
values. In the seal, Page, Scott-Baker, Zak, 
Becker, and Baxter (14), utilizing hydropenia, 
saline diuresis, and Pitressin, have found that at 
the highest values of Cogm attainable (16 to 18 per 
cent of the filtered load), an apparent maximal 
value of T°H,0 was attained in only one animal—in 
all others this value continued to increase with 
increasing urine flow. This is perhaps related to 
the special adaptations of the seal as a mammal 
which lives on metabolic water, and to the fact that 
the maximal value of T°H,0 must be as much as 
10 ml. per min. per 100 Gm. kidney weight as 
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compared to 3.8 to 5.4 ml. in the dog, and some 
1 to 2 ml. in man. It is possible that failure to at- 
tain maximal values of T°H,0 in the seal is related 
to the relatively large magnitude of this function. 


SUMMARY 


1. The urinary concentrating process has been 
examined in 54 tests on 31 normal subjects in the 
antidiuretic state by the induction of osmotic 
(mannitol) diuresis at urine flows ranging from 
5 to 40 ml. per min. Antidiuresis was induced 
either by abstinence from fluids for 12 to 14 hours 
(hydropenia), by hydropenia supplemented by 
Pitressin, or by the administration of Pitressin to 
hydrated subjects. 

2. The degree of osmotic concentration of the 
urine was determined by application of the cryo- 
scopic method to plasma and urine, and the calcu- 
lation of the quantity of water (in ml. per min. and 
here designated as T°H,0) required to restore the 
urine to an isosmotic state with respect to the glo- 
merular filtrate. 

3. The conclusion is reached that the concen- 
trating mechanism operates essentially by the re- 
moval of a constant, maximal quantity of solute- 
free water irrespective of the urine flow, so long 
as the latter somewhat exceeds this maximal reab- 
sorptive rate. 

4. The presumed constancy of T°H,0 requires 
that the regression line generated by plotting the 
osmolar clearance (Cosm) against the urine flow 
(V) should have a slope of 1.00. In 31 subjects 
during a first examination on any one day, the slope 
averages 1.003 + 0.083. In 12 of these subjects 
it has a value between 0.95 and 1.05, which we do 
not consider to be significantly different from 1.0. 
In the remaining 19 subjects the slope deviates 
from 1.0 by more than +5 per cent, with ex- 
tremes of 0.83 and 1.16. It is believed that un- 
known factors operate systematically in some indi- 
viduals or under certain circumstances to cause 
slight, regular increases or decreases in T°H,0 
with increasing diuresis. 

5. As opposed to this apparent inconstancy of 
T°H,0 under our experimental conditions, the con- 
sistency of behavior of any one individual is re- 
markable, as shown by the fact that in all subjects, 
despite protracted observations and rather un- 
physiological circumstances, the coefficient of cor- 
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relation (relative to linear regression) of Cosm on 
V is invariably above 0.995, and frequently above 
0.999. 

6. This concentrating operation appears to be 
generally identical whether the antidiuretic state 
is induced by endogenous antidiuretic hormone, 
by Pitressin in physiological doses, or both. 
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RENAL FAILURE DUE TO CALCIUM AND ABSORBABLE ALKALIES 
FOR PEPTIC ULCER 


Clinical Investigation 


More than thirty years ago, Hardt and Rivers! 
pointed out that the excessive ingestion of calcium 
and absorbable alkalies for the relief of peptic ulcer 
may induce systemic alkalosis and chronic renal 
failure. These observations have been repeatedly 
confirmed.” * 4+ More recently, in addition to the 
alkalosis and kidney dysfunction, metastatic cal- 
cification has been reported.*:®* Dufault and 
Tobias* regard the typical syndrome as potentially 
embracing this triad of manifestations. 


PATHOGENESIS 


In the opinion of Dufault and Tobias, the pre- 
requisite for the development of metastatic cal- 
cification is either hypercalcemia or alkalosis or 
both. In their series, alkalosis was associated with 
hypercalcemia in three cases out of four. Although 
Wermer® reports that the role of alkali intake ap- 
pears uncertain, he found a history of concomitant 
ingestion of excessive calcium and alkali in all 
cases reviewed in the literature. Wermer believes 
that the increased urinary excretion of calcium in 
hypercalcemia may induce tubular calcification and 
consequent renal impairment, with retention of 
phosphate in the serum. The elevated blood levels 
of these calcium and phosphate ions may then in- 
duce metastatic calcification in extrarenal tissues. 


HISTORY 


All four patients observed by Dufault and 
Tobias had had peptic ulcer for more than twenty 
years. The condition had been managed by a daily 
intake of from 1 to + quarts of milk and large quan- 
tities of absorbable alkalies (sodium bicarbonate, 
calcium carbonate). Intensive therapy for at least 
eight years on this regimen was followed by symp- 
toms secondary to hypercalcemia and renal failure. 


DIAGNOSIS 


Laboratory examination showed impairment of 
kidney function with azotemia, normochromic and 
normocytic anemia, hypercalcemia, normal or ele- 
vated phosphorus, normal alkaline phosphatase 
and potassium with low chloride levels. In three 
cases, the total bicarbonate level of the blood was 
above normal. Ocular calcification—the most reli- 
able physical sign of the syndrome, according to 
the authors—was found in three patients. 


TREATMENT 


After institution of a low-calcium diet and the 
use of nonabsorbable antacids, symptomatic im- 
provement occurred in all patients. In two, renal 
function returned to normal. In the other two pa- 
tients, however, the kidney damage had become 
irreversible, and one of them died. Since recovery 
depends on the extent of renal impairment, the 
authors stress early diagnosis and treatment, as 
well as prevention, “which precludes the prolonged 
use of absorbable alkalies and excessive calcium.’’* 
KIDNEY 


AMPHOJEL” IN PREVENTION OF DA MAGE 


Because Amphojel is an effective nonabsorb- 
able antacid and reduces absorption of inorganic 
phosphate, deposition of calcium as phosphate in 
the kidney is precluded. Amphojel cannot cause 
the dangerous complications described by these 
investigators. Amphojel is a palatable double gel 
of alumina with reactive and demulcent com- 
ponents. The total action is topical, inactivating 
hydrochloric acid without alkalinization and pro- 
moting healing of the ulcer by forming a protective 
coagulum. 
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